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Preface to Second Revision

The Nuclear Safety Guide was first issued in 1956 as classified AEC report LA-2063 and was
reprinted the next year, unclassified, as TID-7016. Revision 1, published in 1961, extended the scope
and refined the guiding information. The present revision of the Guide differs significantly from its
predecessor in that the latter was intentionally conservative in its recommendations. Firmly based on
experimental evidence of criticality, the original Guide and the first revision were considered to be of
most value to organizations whose activities with fissionable materials were not extensive and,
secondarily, that it would serve as a point of departure for members of established nuclear safety
teams, experienced in the field.

The reader will find a significant change in the character of information presented in this
version. Nuclear Criticality Safety has matured in the past twelve years. The advance of calculational
capability has permitted validated calculations to extend and substitute for experimental data. The

broadened data base has enabled better interpolation, extension, and understanding of available

temafAmmantina a
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1111vliliativii, spluialily 1 1CViIiUUudl

sly addressed by undefined but adequate factors o
The content has been thereby enriched in qualitative guidance. The information inherently contains,
and the user can recapture, the quantitative guidance characteristic of the former Guides by
employing appropriate safety factors. In fact, it becomes incumbent on the Criticality Safety
Specialist to necessarily impose safety factors consistent with the possible normal and abnormal
credible contingencies of an operation as revealed by his evaluation.

In its present form the Guide easily becomes a suitable module in any compendium or
handbook tailored for internal use by organizations. It is hoped the Guide will continue to serve
immediate needs and will encourage continuing and more comprehensive efforts toward organizing

nuclear criticality safety information.

H. K. Clark, SRL

E. D. Clayton, BNWL

E. B. Johnson, ORNL

H. C. Paxton, LASL

D. R. Smith, LASL

J. T. Thomas, ORNL, Chairman
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PREFACE TO TID-7016

The Nuclear Safety Guide was conceived by a group that met at the Rocky Flats Plant, October 1955,
to discuss industrial nuclear safety problems. A committee was selected to prepare a draft for
consideration by the group during the following meeting at the Hanford Atomic Products Operation,
June 1956. Although the resulting Guide remains controversial in form and general content,
differences of opinion concerning specific regulations have been resolved (quite generally in favor of
the more restrictive versions). In addition to the committee of authors, the following are members
of the nuclear safety group who reviewed drafts of the Guide and contributed suggestions.
Dow Chemical Co. (Rocky Flats): M. G. Arthur and D. F. Smith
E. I. du Pont de Nemours and Co., Inc. (Savannah River): H. K Clark
General Electric Company (ANPD): F. G. Boyle
General Electric Company (Hanford): G. W. Anthony, E. D. Clayton, D. E. Davenport, N.
Ketzlach, D. D. Lanning, and G. W. Stuart
Goodyear Atomic Corporation: D. H. Francis and F. E. Woltz
Los Alamos Scientific Laboratory: J. A. Grundl
Phillips Petroleum Co. (NRTS): R. B. Lemon
Union Carbide Nuclear Company (K-25): H. F. Henry, A. J. Mallett, and C. E. Newlon
Union Carbide Nuclear Company (ORNL): R. Gwin and J. T. Thomas
Union Carbide Nuclear Company (Y-12): J. D. McLendon and J. W. Wachter
University of California Radiation Laboratory (Livermore): C. G. Andre and F. A
Kloverstrom
It is recognized that the Guide is neither handbook (too ambitious for a start) nor manual (a separate
problem for each installation). It is hoped, however, that it serves immediate needs for guidance and
that it encourages continuing, more comprehensive efforts toward organizing nuclear safety
information.
A. D. Callihan, ORNL
W. J. Ozeroff, Hanford Works
H. C. Paxton, LASL
C. L. Schuske, Rocky Flats
(1957)
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CHAPTER 1
BACKGROUND
Part I: The Nuclear Criticality Safety Problem

Introduction

1.1. In practice, nuclear criticality safety is defined as the art of avoiding an accidental nuclear
excursion. Even when shielding and confinement protect personnel from the high levels of radiation
resulting from an accident, so that less stringent safety criteria may be justified, this definition still
represents the safety approach of teams designing processes for fissile material.

1.2.  All processes with fissionable materials should be examined during design in order to
identify potential critical configurations, and equipment and procedures should be tailored to
preclude those configurations without unnecessarily sacrificing process efficiency. The review is
usually iterative, calling for reexamination as the design progresses, which, in turn, may further
influence the design. This implies continuing cooperation among members of the team — specialists,
designers, and operators — until the process is shaken down — and beyond, for equipment may

deteriorate in an unforeseen manner, the staff may change, and requirements may be modified.

Safety Fundamentals

1.3. In spite of its distinctive features, nuclear criticality safety falls conveniently into the
general industrial-safety family. In particular, it is helpful to keep in mind historical safety
fundamentals such as the following:

1.3.1. Safety is an acceptable balance of risk against benefit; it is meaningless as a concept
isolated from other goals. It follows that safety should be considered one of the goals of design and
operation instead of something superposed. Although experience has shown that criticality hazards
are no more serious than other industrial hazards,* controls for balancing criticality risk against
benefit are somewhat more stringent than is usual in nonnuclear industry. It is reasonable that there
be some allowance for the uneasiness naturally associated with this less familiar type of hazard. But
the extreme concept of risk elimination (as implied by any claim that certain controls “assure” safety
or “ensure” safety) is dangerously misleading. Dismissing risk as nonexistent can detract from the
continuing job of maintaining an acceptably low risk level.

1.3.2.  Accident prevention depends upon delegation of responsibility and authority for safety
implementation to the supervisory level closest to the operation, under the general direction and
policies set by management. Control of details by a remote authority is an undesirable policy.

*This is true in terms of potential injury to personnel and damage to equipment. However, there
is a possible significant economic penalty associated with a criticality incident, for example, the
additional expense of investigation and cleanup of radioactive contamination.



Remotely administered detail discourages the on-the-job alertness required for effective control,
because it invites the attitude “Someone else is taking care of us.” Of course, this concept is
influenced by governmental safety regulations. Its effectiveness requires a wise balance of regulatory
requirements and local control as, for example, the Nuclear Regulatory Commission’s policy of
adjusting license requirements to the applicant’s capability.'

1.3.3. Safety regulation should be based upon professionally generated standards and should
preserve alternative routes to safety objectives. The arbitrary selection of a single route (as by rule)
may eliminate the best economic balance or the most convenient scheme.

Inflexible rules hamstring the designer in his traditional search for the most satisfactory way to
fulfill his many objectives. The result is to set safety apart from other goals and to increase the
chance of an awkward operation that invites improvisation. Flexibility frees the design team to
apply to integrated processes the considerable experience that has accumulated in nuclear industry.

1.3.4. Simple, convenient safety provisions are more effective to safety than complex or
awkward arrangements. Similarly, inexpensive contributions should be nurtured. Above all,
criticality controls should be practical in the sense that poorly conceived controls which are difficult
or impractical to follow invite violations. Stated differently, nuclear criticality safety is enhanced by
arrangements of material and equipment that tend to make proper operations convenient and
maloperation inconvenient. Unusual situations, however, may call for unusual controls.

Although these principles cannot always dominate safety decisions, they usually provide

valuable guidance.

Factors Affecting Criticality Safety

1.4. A fissile system is critical when it maintains a steady self-sustaining fission-chain
reaction.* Of the several neutrons produced by a single fission, an average of one leads to a new
fission, so that the neutron population remains statistically constant with time. The other neutrons
are lost either by capture that does not produce fission or by escape from the system. The delicate
balance required for criticality depends upon the composition, quantity, shape, and environment of
the material, as discussed below, and all of these features must be included in specifications. In many
cases, however, the specifications need not be complex; for example, composition and critical mass
or critical volume serve the purpose for a water-reflected sphere.

1.5. One factor of importance is the leakage, from the system, of neutrons that could
otherwise produce fissions. The leakage depends on the shape, size, and composition of the system
and on the neutron-reflecting properties of surrounding materials. For example, it is possible to
specify solution dimensions, such as pipe diameters with large surface-area-to-volume ratios, to
provide sufficient leakage, thereby preventing a chain reaction regardless of the quantity of

fissionable material contained. If the container is encased in a cooling jacket or is near other process

*Strictly speaking, this is “delayed criticality.”



equipment or structural materials, its dimensions must be less than they could be were no neutron
reflector proximate. In the treatment presented here, it is assumed that natural water, concrete,
graphite, and stainless steel are typical reflector materials. Although more effective materials are
known — heavy water and beryllium, as examples — they are not common in processing plants.

1.6. The value of the critical mass is sensitive to the presence of neutron-moderating elements,
such as hydrogen in water, mixed with the fissionable isotope. The subcritical specifications for
individual units presented in this Guide apply primarily to conditions in which hydrogen is the
moderating material. The hydrogen concentration is often expressed as the atomic ratio of hydrogen
to fissionable atoms, which may range from zero for metal to several thousand for a dilute solution;
a corresponding statement for aqueous solutions is “mass of fissionable material per unit volume.”
Over the concentration range, the critical mass may vary from a few tens of kilograms, through a
minimum of a few hundred grams, to unlimited quantities in very dilute solutions in which neutron
absorption by hydrogen makes criticality impossible. In this latter case, subcriticality is assured by
the chemical concentration alone.

1.7. In general, the critical mass of a fissionable material associated with a moderator is
minimal when the two are intimately mixed as, for example, in an aqueous solution. Uranium
containing only a few percent **’U is an example of an exception to this generalization; the critical
mass of a heterogeneous assembly of slightly enriched uranium in water is less than the critical mass
of uranium of that quality when mixed homogeneously with water in the same over-all proportion.
This behavior is the consequence of the absorbing properties of 2*U for neutrons having an energy
of a few electron volts, a property called resonance absorption. When the uranium is latticed
properly there is a greater probability of neutron energy degradation from the high energy at which
neutrons are produced by fission to less than that at which 2*U is strongly absorbing. The neutrons
therefore “escape” the 2*U resonance absorption and the probability of the escape is a measurable
and calculable property of such lattices. The maximum **U enrichment of the uranium at which
latticing can reduce the critical mass is estimated to be between 5 and 7 weight percent 2**U.

1.8. Consideration of a special case of the differences between heterogeneous and
homogeneous arrays of uranium of low 2**U content illustrates a useful nuclear safety specification.
Although rods of natural uranium metal of apprbpriate diameter can perhaps be carefully arranged
in natural water at a lattice spacing such that the array would be critical, the quantity required
would certainly be large. Homogeneous mixtures of natural uranium and water in any proportion,
however, cannot be made critical for the reasons stated previously. In fact, it has been shown that, in
order for a homogeneous mixture to be critical, the 23U content of the uranium must be almost
1 percent.

1.9. The critical mass of a fissionable isotope also depends upon its distribution in
homogeneous mixtures with other materials, including air, but in a manner that can be specified
quantitatively only in special cases. Generally, the critical mass increases as the density decreases,
other parameters being constant. The critical mass of a sphere of 2*Pu metal, for example, is less
than that of a spherical volume of dry *’Pu filings or chips, and the critical mass of U in any
aqueous solution is greater than that of a homogeneous aqueous slurry of high-density UO: of the

same H:*°U ratio because the density of **U in the solution is less.



1.10. The use of neutron-absorbing materials, such as cadmium and boron, distributed within
the fissionable material can render an otherwise critical system safely subcritical. Vigilance must be
exercised to avoid unexpected loss of the absorber or its prescribed distribution, e.g., by corrosion or
physical displacement. Solid absorbers may be included in the construction and assembly of
equipment or solutions of neutron absorbers may be added to process streams. However,
administrative controls are required to assure the continued presence and intended distribution of
the neutron absorber. Not all uses of neutron absorbers result in a greater degree of subcriticality,
for example, placing neutron-absorbing materials on the outside of a vessel containing fissionable
materials. If a vessel surrounded by a thin layer of cadmium is, in turn, surrounded by water, the
cadmium is very effective in increasing the mass required for criticality. In the absence of the
external water, however, the cadmium will decrease the critical mass because the cadmium, being a
scatterer as well as an absorber of neutrons, will serve also as a partial neutron reflector.

1.11. The nitrogen of nitrate solution often used in chemical processing and the **°Pu present
as an impurity in plutonium solutions are examples of absorbers commonly present. However, in
processes with plutonium containing little or no hydrogen or other moderating nuclei, where the
neutrons of the chain reaction are essentially fast (high energy), **°Pu is not as effective a neutron
absorber as it is at lower neutron energies. Little reliance should be put upon it under these
conditions. Small amounts (<2%) of **'Pu, an isotope readily fissionable by thermal neutrons,
should not be ignored but may be treated as **Pu. For larger amounts of #'py where the *°Pu
exceeds the 2*'Pu, the results will be conservative if the **'Pu is treated as *’Pu.

1.12. The preceding comments have referred to individual units. The effects, however, of the
mutual exchange of neutrons between subcritical units in a process or storage area must be
considered in order to assess the nuclear safety of the system as a whole. Adequate separation
criteria must be established for such units. The precautionary measures taken to ensure the integrity
of the spacing should receive careful attention, both in the design of plant facilities and in the
storage and transport of units. The desire for compactness of storage and shipping arrays, customary
in industrial practice, must be tempered where criticality is a possibility.

1.13. Neutron interaction is dependent upon such geometric factors as the size, shape, and
separation of the units, as well as on the over-all size and shape of an array. Materials that may be
intermingled among the units or that may surround the array are also important. A close-packed
subcritical array may become critical if flooded. Conversely, a flooded subcritical array may become
critical if the water is removed since the water, as a neutron absorber, may prevent neutron coupling
of the units. An array subcritical when reflected by water may become critical when reflected by
concrete. These are some of the factors that must be recognized in establishing safe separation
criteria for the handling of fissionable materials.

Sources of Criticality Information
1.14. Data from experiments provide the bases for criticality safety, either by direct
application or by validated computations. Only rarely, however, do experimental conditions match

those of the desired application. Sometimes a close match is unnecessary, that is, measured critical



specifications known to be more restrictive than necessary may be adequate. For example, the
critical volume of a sphere is less than that of a cylinder of equal volume, composition and
reflection. More frequently, a valid theoretical interpolation or extrapolation of existing data is

required. In general, experiments and calculations are complementary.

Experimental Data

1.15. A convenient source of criticality data’ from experiments before 1964 is Critical
Dimensions of Systems Containing U-235, Pu-239, and U-233. More recent results must be obtained
from the literature. References into 1972 appear in Criticality Control in Operations with Fissile

Material.’ Transactions of the American Nuclear Society are sources of still more recent data.

Theoretical Data

1.16. In these days of large computers there are many criticality codes that may be used to
calculate results where experimental data are lacking. Like experimental results, computed critical
conditions must be evaluated for reliability before they can be accepted. Indices of accuracy, such as
probable error or standard deviation, are not as directly available from calculation as from
experiment (but there is exploration toward this end). Lacking such indices, the only means of
judging the reliability of a computational scheme is to compare its results with appropriate
experimental data.

1.17. Requirements on this process of confirmation are set forth in American National
Standard Validation of Calculational Methods for Nuclear Criticality Safety.* This Standard
emphasizes establishment of a bias by correlating experimental and computational results and the
adjustment of computed data to allow for both the bias and uncertainty in the bias. It requires tests
to confirm that mathematical operations are performed as intended and reconfirmation whenever
there is a change in the computer program. Errors resulting from improper use of a code are not
addressed in the Standard because the user, “one knowledgeable in the field,” would be expected to
uncover them as a matter of course.

1.18. The supplier of the requested information, the “knowledgeable” person, would not
simply extract the desired number from a computer printout and pass it on to the problem requester.
Beforehand, he would carefully verify input data reproduced on the problem printout to be sure that
it contains no error. Input errors, which are not uncommon, may be disclosed by simple checks of
this sort. More generally, the supplier has the obligation to demonstrate the validity of his computed
data and it is appropriate for the requester to require this demonstration.

Criticality Indices

1.19. Simplified methods* for calculating criticality found in reactor physics texts*®’

do not
substitute for detailed computer codes. Nevertheless, they can sharpen the picture of neutron
processes that influence criticality, they introduce useful criticality indices, and they may even

suggest forms for empirical correlations of criticality data.

*These methods include the four-factor formula, age theory, and one- or two-group diffusion
theory.



1.20. Two common indices of criticality are the effective neutron multiplication factor and the
buckling. The neutron multiplication factor, k., is the ratio of the average rate of neutron
production by fission to the average rate of loss by absorption and leakage. It follows that a system
is critical if k=1, subcritical if ks <1, and supercritical if k.>>1. The multiplication factor is a
common output of computer codes.

1.21. The other index, called “buckling” and symbolized by B’ depends only upon the
composition of the fissile system and is a measure of the critical size. If the buckling is negative, the
material is subcritical regardless of the quantity;* if zero, the composition is critical only if the size
be infinite; if positive, the material can be critical in-finite quantities. The buckling is then simply
related by elementary theory to the critical dimensions of spheres, cylinders, and slabs. The
equations giving these relationships provide the form of empirical expressions for converting from

one critical shape to another.

*Some units composed of a material having a negative buckling may achieve criticality with an
appropriate reflector.®



Part II: Nuclear Criticality Safety Practices

The General Criticality Safety Standard

1.22. This Part and Part III expand upon the American National Standard for Nuclear
Criticality Safety in Operations with Fissionable Materials Outside Reactors, N16.1. This Standard’
presents generalized basic criteria and specifies numerical limits for certain simple single fissile units
but not for multiunit arrays. It was inappropriate to include in this Standard the details of
administrative controls, the design of processes or equipment, the description of instrumentation for
process control, or detailed criteria to be met in transporting fissionable materials. The intent here is
to provide some of this supplementary guidance.

1.23. The first version of N16.] was prepared in 1958 and adopted in 1964 as American
National Standard N6.1-1964. An expanded version was approved as N16.1-1969 and was revised in
1975 with minor changes. Thus, this Standard benefits from more than a decade of use, as well as

from more than two decades of additional experience upon which the original version was based.

Administrative Practices
Responsibilities

1.24. Standard N16.1 requires that management establish responsibility for nuclear criticality
safety and advises that supervision be made as responsible for nuclear criticality safety as for
production, development, research, or other functions. It points out that nuclear criticality safety
differs in no intrinsic way from industrial safety and that good managerial practices apply to both.
This statement is a recommendation rather than a requirement because there would be no clear-cut
means of demonstrating compliance. Nevertheless, it is expected that the spirit will be embraced by
supervision.

1.25. The Standard requires that management provide personnel skilled in the interpretation
of data pertinent to nuclear criticality safety and familiar with operations to serve as advisers to
management. It advises that these specialists be, to the extent practicable, independent of process
supervision. This recommendation is hedged to avoid penalizing small operations in which the skill
exists in the line organization and a separate adviser would be a questionable luxury. The intent is
also to recognize the fact that successful criticality control depends more upon the competence of
personnel than on the form of organization.

1.26. The Standard further requires that management establish criteria for nuclear criticality
safety controls. Of course, criteria existing in regulations, standards, or guides may be either adopted
or adapted to special conditions that may exist. There is allowance for distinction between shielded
and unshielded facilities, so that the criteria may be less stringent when adequate shielding protects
personnel. This relaxation is amplified in the supplementary American National Standard Criteria

for Nuclear Criticality Safety Controls in Operations where Shielding Protects Personnel."
1.27. The distinction between “management” and “supervision™ is clarified by the following

definition that is borrowed from another standard:'' “Management: the administrative body to

which the supervision of a facility reports.™



Other Administrative Practices

1.28. Standard N16.1 recommends additional administrative practices:

1.28.1. Before a new operation with fissionable materials is begun or before an existing
operation is changed, it shall be determined that the entire process will be subcritical under both
normal and credible abnormal conditions. This requirement interacts strongly with the technical
practices (1.29 seq.), especially the double contingency principle and geometry control. In some cases
it may be desirable to resort to in situ neutron multiplication measurements to confirm the
subcriticality of proposed configurations. Guidance for safety in performing such measurements
appears in the American National Standard for Safety in Conducting Subcritical
Neutron-Multiplication Measurements In Situ."

1.28.2. Operations with fissionable materials shall be governed by written procedures. All
persons participating in these operations shall be familiar with the procedures.

1.28.3. The movement of fissionable materials shall be controlled. Appropriate labels and
signs shall identify the materials and specify the controlling limits on the inventory within each area
of the plant subject to procedural controls. Events suggest that proper labeling would have
prevented the Wood River Junction Plant criticality accident. Of course, movement of fissionable
materials is included in the operations to be governed by written procedures.

1.28.4. Deviations from procedures and unforeseen alterations in process conditions that
affect criticality safety shall be investigated promptly and action shall be taken to prevent a
recurrence. It is expected that the preventive action, which might include modification of
procedures, will be implemented before routine process operations are resumed.

1.28.5. Operations shall be reviewed frequently to ascertain that procedures are being properly
followed and that process conditions have not been altered so as to affect the nuclear criticality
safety evaluation. These reviews shall be conducted, in consultation with operating personnel, by
individuals who shall be knowledgeable in nuclear criticality safety. It is recommended that, to the
extent practicable, the persons conducting the review not be immediately responsible for the
operations. Again, this recommendation is tempered to avoid penalizing small, inflexible operations
or forcing a change in a demonstrably successful organization.

1.28.6. Emergency procedures shall be prepared and approved by management. Organizations,
local and off-site, that are expected to respond to emergencies shall be made aware of conditions
that might be encountered. Further, it is recommended that assistance be offered to those

organizations for the preparation of suitable emergency response procedures.

Technical Practices
1.29. Obviously, nuclear criticality safety depends upon control of the factors affecting
criticality that were discussed in Part I. An equivalent statement is that nuclear criticality safety is
achieved by exercising control over the masses and distribution of fissionable materials and of other
materials with which they may be associated. Standard N16.1 addresses technical aspects of such

control in the following terms.



Double Contingency Principle

1.30. The Standard recommends that process designs should, in general, incorporate sufficient
factors of safety to require at least two unlikely, independent, and concurrent changes in process
conditions before a criticality accident is possible. This time-honored principle is not mandatory for
two reasons. First, it governs the attitude toward criticality safety evaluation by suggesting good
judgment but not specifying it uniquely, as its application is difficult to confirm. Second, under
certain conditions where personnel are protected by shielding, single-contingency control may be

acceptable.

Geometry Control

1.31. The Standard also recommends that reliance for criticality control be placed, where
practicable, on equipment in which dimensions are limited rather than on administrative controls.
There is the requirement, however, that control be exercised to maintain all dimensions and nuclear
properties on which the reliance is placed. It is pointed out that full advantage may be taken of any
nuclear characteristics of the process materials and equipment. Of course, controls must be effective
while loading and unloading the equipment.

1.32. Cases where geometry control may be impractical are exemplified by large volumes of
solution in which concentration or mass of fissile material is positively maintained at a subcritical
value. But three of the criticality accidents, at Los Alamos, Hanford, and Windscale, occurred

because concentration control failed although it was believed to be positive (see 1.53, 1.64, 1.72).

Control by Neutron Absorbers

1.33. Because of the accidents just mentioned, the trend is to “poison™ large vessels for which
geometry control is impractical. The Standard permits reliance upon neutron-absorbing materials,
such as cadmium, boron, or gadolinium, in process materials or equipment, provided their
effectiveness is confirmed by available data. Where this means of control is used, however, provision
must be made for verifying the absorber’s continuing effectiveness. This provision may require
particular care when the absorbers are in solution.

1.34. A simple and often effective means of preventing criticality in a large vessel is to pack it
with borosilicate glass raschig rings. Guidance for permissible usage, degree of protection, and
appropriate surveillance is given by American National Standard Use of Borosilicate- Glass Raschig

Rings as a Neutron Absorber in Solutions of Fissile Material.

Subcritical Limits
1.35. The final practice addressed by the Standard refers to subcritical limits, which are

defined as follows:

Subcritical limit (limit): the limiting value assigned to a controlled parameter that results in
a system known to be subcritical provided the limiting value of no other controlled
parameter of the system is violated; the subcritical limit allows for uncertainties in the
calculations and experimental data used in its derivation but not for contingencies, e.g.,

double batching or failure of analytical techniques to yield accurate values.
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1.36. Where applicable data are available, the Standard requires that subcritical limits be
established on bases derived from experiments with adequate allowance for uncertainties in the data.
In the absence of directly applicable experimental measurements, it is permissible to derive the limits
from calculations validated in accordance with the governing standard.* It should be reiterated that
allowances must be sufficient to cover uncertainties in the data and in the calculations.

Instrumentation

1.37. It might seem that warning of an accidental approach to criticality could be given by a
neutron detector and an appropriately placed neutron source such as those used for subcritical
confirmation by in situ multiplication measurements.'* If so, conditions might be corrected before
the radiation level becomes dangerous. It is rare, however, that plant process conditions are
sufficiently favorable and stable for a meaningful indication of increased neutron multiplication
before delayed criticality is attained. The warning probably would be too late except to signal
personnel evacuation.

1.38. Certain indirect methods of criticality control that depend on the properties of
fissionable isotopes make use of specialized radiation detectors. In gaseous diffusion plants, for
example, accumulations of U have been identified by measurement of characteristic gamma
radiation from ***U, thereby allowing detection of growth and removal of an accumulation before it
becomes dangerous.'* Also, the absorption, by the fissionable material, of gamma-rays or neutrons
directed through a process stream depends upon the chemical concentration of the solution and can
be used for concentration control if there is a suitable source and detector."

1.39. Another method makes use of the high spontaneous fission rate of the **°Pu isotope
which accompanies **Pu in a proportion characteristic of the material history. The neutron
background in a plutonium process is therefore a measure of the plutonium concentration, and a
change in an established background can signal an abnormal condition in a process stream. Because
of this effect, surveys with neutron detectors can establish the location of unplanned plutonium
deposits, a technique that could have prevented the Los Alamos accident.'®'” These indirect methods
of criticality control are empirical and must be based on the calibration of appropriate instruments.

1.40. The instrumentation for identifying fissionable isotopes has become highly sophisticated
as a result of materials safeguards requirements. Detectors have been so refined that quantitative
measurements of the various isotopes of uranium and plutonium and certain transplutonic elements
in low-density accumulations are practical by detecting characteristic gamma-ray and fission

18,19.20,21
neutrons, '®!%%%2

Application of this instrumentation to scrap and to waste disposal reduces
uncertainties in their fissile content, thereby providing better criticality control and minimal
inadvertent loss of material. Other safeguards instrumentation is capable of providing nearly
continuous monitoring of process streams.’

1.41. The absorption of gamma rays in high-density material such as uranium metal,
compounds, or fuel elements interferes with their direct diagnostic use. Consequently, the so-called

random source interrogation technique has been developed for measuring the *U content of this
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type of material.”*** In this method fissions are produced by neutrons from an external source,
usually Am-Li because its neutron-energy spectrum is below the ?*U fission threshold. Neutrons
from fission are detected in the presence of source neutrons and gamma-rays by coincidence
counting, and the rate of coincident events is a measure of the **U content. This technique is useful
for confirming the content of containers in storage or in use between processing stages.

1.42. Instruments for the detection of radiation are also useful in accident alarm systems to
signal evacuation in the event of a criticality accident. The value of these systems has been clearly
demonstrated as will be seen in Part IIl. Gamma-ray detectors are usually selected. Reliable
instrumentation and freedom from false alarms are -more important than sensitivity. The
requirements on such instrumentation are addressed in American National Standard Criticality

Accident Alarm System.*
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Part III: Safety Experience

General

1.43.  Present-day criticality controls have been influenced strongly by accidental excursions
that have occurred in processing plants. The effectiveness of resulting controls is suggested by the
fact that there have been few accidents since the cluster that occurred between 1958 and 1962.

1.44. There have been seven supercritical accidents in chemical process equipment but none
associated with mechanical processing, storage, or transportation. All occurred with aqueous
solutions; four involved highly enriched uranium and three involved plutonium. Two of the
excursions took place in shielded areas designed for processing irradiated fuel, consequently
personnel were protected from the direct radiation.

1.45. The consequences of these seven accidents have been two deaths, nineteen significant
overexposures to radiation, no equipment damage, and negligible loss of fissile material. In no case
was there any danger to the general public. No incident is attributable to faulty criticality
information or to error in its interpretation. Rather, in each case, the cause was related to difficulties
with equipment or to procedural inadequacies and violations or combinations of these.

1.46. Before proceeding from these general remarks to more specific features of the accidents,
it may be useful to picture the usual characteristics of a supercritical excursion in a solution.
Typically, there is a “fission spike” which may or may not be followed by an oscillatory fluctuation
of power and, depending upon the circumstances, secondary spikes or pulses may occur. The fission
spike may be described as beginning with an exponential rise in power upon achievement of
supercriticality. The rise is arrested by bubbles formed by radiolytic dissociation of water and the
solution is driven subcritical causing the power to decrease. The sharp rise and fall in power, i.e., the
release of energy at high power but limited to short duration, describes the fission spike. If there is
no terminating mechanism, this process may be repeated less energetically. Ultimately, upon
disappearance of the bubbles, increase in temperature and possible boiling may lead to a
quasi-equilibrium condition. This course of events is governed by changes in conditions that may
occur, such as loss of material by splashing, by evaporation, or by continued addition. Of course,
loss of solution or redistribution of material may terminate the reaction after the initial burst.

1.47. The energy releases associated with the occurrences described below are expressed as
numbers of fissions. For convenience, it is noted that 3 x 10'® fissions releases 1 MW-sec, or 10° J, or
240 kcal, or 950 BTU of energy. Much of this energy is deposited in the solution as heat.

1.48. A complete listing of criticality accidents before 1967 appears in a review by W. R.
Stratton,'® and details are given in the references he cites. Although we will confine our attention to
accidents in processing plants, conditions that have led to excursions in critical facilities are also
instructive. The following accounts of plant accidents are intended to provide not only an idea of the
consequences but a general introduction to nuclear criticality safety practices.
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Plant Accidents
The Y-12 Plant, Oak Ridge — June 16, 1958'¢2%%’

1.49. The first of the seven plant excursions was the result of solution leaking into a cleaned
cylindrical vessel and being collected with wash leak-test water in a 208-liter (55 gal) drum. As a
consequence, five persons were exposed severely and three others significantly.

1.50. The accident occurred in an area in which highly enriched uranium was being recovered
from scrap. In the course of a material inventory, a bank of geometrically subcritical storage vessels
had been disassembled and cleaned. Following reassembly, procedures called for leak testing with
water, which was subsequently drained into a 55-gal drum. In the interval between reassembly and
leak testing, uranium solution had accumulated in the vessels through a valve that was supposed to
provide isolation from other operating equipment upstream. The water being drained into the drum
was preceded by this solution. Initial criticality occurred with about 2.1 kg of ***U in 56 liters of
solution. A succession of pulses then produced a total of 1.3 x 10'® fissions (mostly within 2.8 min)
before dilution decreased the uranium concentration to a subcritical value. Although the magnitude
of the first and largest pulse was not recorded, subsequent excursion experiments®® suggest a
probable value of 6 or 7 x 10'® fissions. An initial “blue flash™ was observed, and there was no
evidence that solution splashed out of the open container.

1.51. One person who was about 2 m from the drum at the onset of the excursion received a
whole-body dose of 365 rads. Other exposures were 339 rads at ~5.5 m, 327 rads at ~4.9 m,
270 rads at ~4.6 m, 236 rads at 6.7 m, 68.5 rads at 9.4 m, 68.5 rads at 11 m, and 22.8 rads at
15.2 m. These exposures and distances from the drum do not correlate in detail because some
exposure may have been incurred during evacuation. Further, it appears that the closest man, who
left most rapidly, was exposed for about 5 s to radiation from the initial pulse. Others, responding
to the evacuation alarm, presumably were exposed for about 15 s, which is roughly the interval
between the first two pulses. It is apparent that exposures were limited by prompt evacuation.

1.52. The following corrective measures were adopted subsequently. Instead of relying upon
valves for isolating equipment, transfer lines that may contain fissile material are actually
disconnected. Only vessels that would be subcritical when containing *’U-enriched uranium
solutions are permitted.

The Los Alamos Scientific Laboratory — December 30, 1958'¢'7¢

1.53. The next accident resulted from the concentration of plutonium in a solvent layer which
was found in a large tank that was supposed to contain only lean aqueous-organic emulsion. A
transient change of shape of the solvent layer when a stirrer was started established criticality of
short duration. The result was a fatality and two other significant exposures.

1.54. The accident occurred in an area where residual plutonium, usually about 0.1 g/liter,
and americium were recovered from dilute raffinate. Because the normal plutonium inventory was
only 0.1 kg, solvent extraction was conducted in large closed tanks. As at Y-12, a material

inventory was in progress and it was intended that the tanks be emptied and cleaned individually.



Instead, residues and acidic wash solutions from four vessels were combined in a single 850-liter,
96.5-cm-diam tank; many interconnecting transfer lines made this possible. An excursion of
1.5 x 10" fissions occurred when a stirrer in this tank was started.

1.55. As discovered later, a 20.3-cm-thick, 160 liter, organic layer floating on a dilute aqueous
solution contained 3.27 kg of plutonium. It is presumed that the source of this plutonium was solids
that had accumulated gradually in the tanks during the 7.5-years of operations and that the organic
layer resulted from separation of the emulsion phases by added acids. The initial effect of the stirrer
was to thicken the axial part of the organic layer sufficiently for supercriticality. Continued stirring
rapidly mixed the two phases, diluting the plutonium to a subcritical concentration.

1.56. The operator, who was looking into the tank through a sight glass, received an exposure
of (12 = 6) x 10° R and died 36 h later. Two men who went to aid the victim received doses of 130
and 35 rad. There was neither damage to equipment nor contamination although a shock displaced
the tank support 10 mm. A radiation alarm 53 m away was activated and a flash of light was seen
from an adjoining room.

1.57. The entire recovery plant, which had been scheduled for rebuilding after another six
months of operation, was retired immediately. After ultimate conversion to geometrically subcritical
equipment, the following corrective measures were adopted. Written procedures and nuclear-safety
training were improved. Unnecessary solution-transfer lines were blocked, and auxiliary vessels such
as vent tanks and vacuum-buffer tanks were “poisoned” with borosilicate glass raschig rings.
Periodic surveys with portable neutron detectors to locate abnormal plutonium deposits were
instituted. The accident also led to more complete coverage of process areas by improved

gamma-ray-sensing radiation alarms.

The Idaho Chemical Processing Plant, National Reactor Testing Station* — October 16, 1959.'6%¢

1.58. This excursion was the result of inadvertently siphoning highly enriched uranium
solution from a bank of geometrically subcritical storage cylinders into a large waste tank. Although
heavy shielding required for irradiated-fuel processing protected personnel from direct radiation,
fission products vented into working areas resulted in two significant dosages, of 50 and 32 R,
mostly as beta radiation to the skin.

1.59. The siphoning, through a trapped vent system to the waste tank, started as a result of air
sparging the storage cylinders. About 200 liters of solution containing 34 kg of **U transferred into
about 600 liters of water in the 19 x 10’-liter waste tank. Criticality in this tank led to a total of
4 x 10" fissions over a period of about 20 min. It is postulated that an initial spike of ~10"’ fissions
was followed by smaller pulses, then by more-or-less stable boiling that distilled 400 liters of water
into another tank. The exceptionally large yield was the result of the large solution volume and long
duration of the reaction, not of the intensity of the excursion.

1.60. The incident disclosed the need for improved evacuation procedures and demonstrated
the value of radiation alarms in areas that might be affected by an excursion elsewhere. Equipment
and operating procedures were modified to establish several lines of defense against inadvertent

transfer of fissile material.

*Now ldaho National Engineering Laboratory.
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The Idaho Chemical Processing Plant, National Reactor Testing Station* — January 25, 1961.'¢%

1.61. This excursion occurred when a large air bubble forced enriched-uranium solution out
the top of a 12.7-cm-diam section of an evaporator and into a 61-cm-diam vapor-disengagement
cylinder above the normal solution level. The heavy concrete shielding required for irradiated-fuel
processing protected personnel from direct radiation, the ventilation system prevented airborne
activity from entering work areas, and equipment design excluded the possibility of a destructive or
persistent excursion. Nevertheless, this incident is instructive because consequences could have been
serious in an unshielded area.

1.62. Apparently air used to clear a plugged line and to improve operation of two pumps was
the source of the bubble that forced 40 liters of solution containing 8 kg of **U into the
larger-diameter section. The resulting excursion, probably a single pulse, had a magnitude of
6 x 10" fissions. Operation was resumed within an hour.

1.63. Because the possibility of an excursion in the vapor-disengagement cylinder had been
foreseen, there was provision for drainage into a subcritical configuration, which prevented both
pressure buildup and a sustained reaction. Although consequences were trivial, the 61-cm-diam
cylinder ultimately was “poisoned” by a grid of stainless steel plates containing 1% natural boron.
Steps were also taken to prevent the introduction of air into solution lines where the effect could be
undesirable.

The Recuplex Plant, Hanford — April 7, 1962.'¢2¢%

1.64. This incident occurred when liquid from a sump was collected in a 69-liter, 45.7-cm-diam
vessel. The liquid, unidentified at the time, contained between 1400 and 1500 g of plutonium in a
volume of about 46 liters after the addition of lean solutions. The only significant exposures were 87,
33, and 16 rads, received by personnel at distances of about 2.1, 3.2, and 7 m, respectively, from the
excursion.

1.65. The site was a plutonium-recovery plant in room-sized gloveboxes to prevent external
contamination. The vessel in which the excursion occurred was normally used for transfer of a dilute
side stream from solvent-extraction columns to a secondary recovery process, similar to the
raffinate-treatment process of the Los Alamos accident. Apparently the concentrated solution had
overflowed from a geometrically subcritical tank and was sucked into the 45.7-cm-diam vessel
through a temporary line used for cleanup operations that were still in progress. A total yield of
8.2 x 10" fissions occurred over 37 h, with about 20% of the energy released in the first half hour.
An initial pulse of approximately 10'® fissions was followed by smaller pulses for about 20 min, after
which boiling occurred, ultimately distilling off enough water to stop the reaction.

*Now Idaho National Engineering Laboratory.



1.66. The initial pulse, accompanied by the usual blue flash, triggered a radiation alarm, and
the area was evacuated promptly, presumably before a second pulse. A unique feature of the analysis
of events was the use of a small, remotely controlled robot developed for handling irradiated fuel. By
means of this device, the excursion site was located, meters were positioned and read, and valves
were operated.

1.67. A new plant to replace Recuplex had been authorized before the accident, and
operations were not resumed until it became available. In the modern plant, vessels that are not
subcritical by geometry usually contain neutron absorbers, the system is adaptable to a variety of
uses without improvisation, and equipment is easier to keep clean. It is recognized that the flexibility
needed in this salvage plant requires special effort to maintain realistic, up-to-date written

procedures.

Wood River Junction Plant, RI - July 24, 1964'¢%¢

1.68. This accident was initiated when concentrated enriched-uranium solution was
inadvertently poured into a 45.7-cm-diam tank. The first of two excursions resulted in a lethal
exposure and the second, about 2 h later, was primarily responsible for two other significant
radiation doses.

1.69. Startup difficulties in this plant for recovering highly enriched uranium from scrap led to
an unusual accumulation of trichloroethane (TCE) solution of low uranium concentration. Small
amounts of uranium were recovered by tedious hand agitation of the TCE with sodium-carbonate
solution. An easier process was improvised, in which the TCE was treated in the 45.7-cm-diam tank
that had been intended only for the makeup of sodium-carbonate solution used in the normal
recovery process. Neither the plant superintendent nor one of three shift supervisors was aware of
this practice. Meanwhile, solutions of unusually high **°U concentration, resulting from cleanout of
plugged equipment, had been stored in 1l-liter, 12.7-cm-diam bottles identical to those that
contained the contaminated TCE. Apparently, a bottle of the concentrated solution was mistaken
for TCE and was poured into the sodium-carbonate solution being stirred in the makeup tank. The
shock from a single pulse of ~10'" fissions knocked the operator onto the floor and splashed part of
the solution out of the tank. A flash of light was observed. The victim received an exposure
estimated to be 10,000 rads and died 49 h later.

1.70. It appears that enough solution was ejected from the tank (the final content of the vessel
was 2 kg of uranium in 41 or 42 liters) so that the stirrer vortex was sufficient to maintain
subcriticality. Two hours after the first excursion, however, two men entered the area, stopped the
stirrer and restarted it some minutes later, after which they drained the tank. These two received
radiation doses between 60 and 100 rads. Evidence of neutron exposure suggested a second less
violent excursion while the stirrer was off, which was not detected because the radiation alarm
continued to sound after the first excursion. The combined yield of both excursions was 1.3 x 10"’

fissions.
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1.71. Before operation was resumed, there were extensive analyses of the process. These
included penetrating reviews and modifications of operating and emergency procedures, criticality
limits and controls, uranium accountability and material balance practices, health physics
procedures and controls, and training. Geometrically subcritical equipment for recovering uranium
from TCE, which had been previously planned, was put into operation.

UKAEA Windscale Works — August 24, 1970.%%

1.72. The latest of the seven excursions is reminiscent of the Los Alamos accident, but without
severe consequence. Similarities are the buildup of plutonium in an unsuspected solvent layer and a
transient change of geometry that led to criticality of short duration. The total number of fissions
was only the order of 10", and exposures were negligible — less than 2 rads for the two closest
workers, who were protected somewhat by shielding.

1.73.  The excursion, detected by the criticality alarm system, took place at the head end of a
process for recovering plutonium by solvent extraction. Normally, aqueous solution having a
concentration of ~6 g Pu/liter from a dissolver and a “conditioner” for feed adjustment was raised
by vacuum into a transfer vessel, then flowed by gravity through a trap and into a tank that supplied
metered solution to extraction columns, subcritical by geometry. When 40 liters of solvent from an
unknown source entered the vacuum transfer vessel, the trap isolated the floating layer of solvent
instead of permitting it to drain. So instead of serving the intended safety purpose, the trap allowed
the solvent to accumulate plutonium in the transfer vessel, little by little, from aqueous batches
pouring through it. At the final concentration of 55 g Pu/liter in the solvent, it appears that an
emulsion band between the solvent and aqueous solutions led to criticality during the brief period
after the flow stopped and before the two phases of the emulsion separated. This sequence of events
was reconstructed and demonstrated by means of an inactive transparent replica of the transfer
system.

1.74. Before the plant was returned to service, neutron monitors to detect plutonium
accumulations were installed on all vessels that are not “safe by shape”. Furthermore, the drain traps

were modified to permit positive drainage and to facilitate washout procedures.

Other Observations

1.75. Because of evacuation signalled by alarms, exposures of personnel to criticality events in
unshielded facilities were limited to the direct radiation from the initial pulse or two. The limited
exposure of eleven individuals from the two prolonged reactions is attributable to their evacuation
signalled by alarms. It may be concluded that lives were saved by immediate evacuation, showing the
value of radiation-initiated alarms installed where the potential for an accidental excursion is
significant. At least two American National Standards address this subject.**

1.76. The two fatalities were suffered by persons within a few feet of an excursion; significant
exposures were received by others at distances extending to 15 m (50 ft). This observation may be
generalized to a certain extent by Fig. 1.1. This figure shows that personnel doses normalized to
excursions of 10" fissions and crudely adjusted to exposure times of ~15 s correlate roughly with
distances from the source. For the typical exposure to 10" fissions, it seems that the dangerous

range of distances is similar to that of a moderate chemical explosion.
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1.77. The relative rash of accidents, five, between 1958 and 1962, appears to call for some

explanation. Certainly, increased plutonium and enriched-uranium production without concomitant

growth of processing facilities had some influence. Plants designed for moderate capacity and with
minimal criticality safety guidance were called upon for increased throughput and a greater variety
of operations. As a result, the accident potential increased, but a long accident-free period made it
difficult to justify improvement of criticality control. For example, there was little incentive to speed
modernization of the plutonium recovery plants at. Los Alamos and Hanford until the accidents
occurred there. As might be expected, the influence of the cluster of accidents was pronounced.
Criticality safety became a respected field — more precise guiding data were collected, and techniques
for criticality control were refined. The natural consequence was an improved accident record.

1.78. The fact that all the accidental excursions involved solutions of plutonium or highly
enriched uranium is not surprising. Small critical mass and the characteristics that make solutions so
desirable in chemical processing,- mobility and ease of solute exchange, invite criticality in
unexpected locations. By contrast, the movement of solids is more apparent, more easily controlled,
and the critical mass is much larger. The use of appropriately sized containers for criticality control
is straightforward, affording protection even in the event all the solids in a given room be piled
together, such as by seismic collapse of a storage structure.* As we shall see, it is more important
that criticality control be effective for certain solids than for solutions, but the problems with
solutions are much more subtle.

1.79. None of the accidents involved uranium in the enrichment range currently comprising
fuel for pressurized- and boiling-water reactors. Even at the top of this range, about 4 wt % *°U, a
moderator such as water is required for criticality, and critical volumes of solution are so large as to
be readily avoided. For example, the minimum critical volume of aqueous solution of uranyl nitrate
at 4 wt % U is about 100 liters, which is more than 16 times that of highly enriched uranium
solution. This minimum occurs at the extreme concentration of 1000 g U/liter. At lower
concentrations, the critical volume increases to the extent that criticality is unattainable at the usual
working concentrations of less than 400 g U/ liter.

1.80. Typical accident experience with solutions of fissile materials shows minimal damage to
equipment and no exposure of the public to radiation. Disruptive pressures resulting in dispersion of
radioactive contamination would require unusual circumstances. Properties of solution excursions
are illustrated further by an extensive series of kinetic experiments conducted at the Dijon
Laboratory of the French Commisariat a I'Energie Atomique.’' Certain types of accidents with solid
fissile material, particularly with 23U metal, are more likely to be violent.' Fortunately, it is not
difficult to foresee the conditions, such as large pieces of metal falling together, that might lead to an
extreme accident. Control of these conditions is usually straightforward and is emphasized in plant

operations.

*One hundred twenty five units, each consisting of 10 kg of enriched uranium metal in a
convenient 20.3-cm-diam x 24.1-cm-deep can, would remain subcritical if tumbled together on a
concrete floor.
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Criticality Risk in Perspective
1.81. The comparison of criticality risk with risks from more conventional hazards has been
illustrated by periodic summaries of accident experience.’’ The extensive experience of the U. S.

Atomic Energy Commission contractors* is informative. One measure of risk, the number of

fatalities of Reference 32, has been updated” through the entire life of the AEC. Fatalities that
occurred in various accident categories appear in Table 1.1. Plant criticality, with its single death
(the other death was not in an AEC installation), ranks with gunshot and drowning instead of with
the more common industrial hazards such as electric shock, explosion, burns, and falls or falling
objects.

1.82.  Although this favorable record speaks well for the methods of criticality control, it is no
reason for relaxation. To maintain a good record, improved control techniques, especially those
designed into processes, must keep up with the greatly increased demand for fissile material that is

foreseeable.

Table 1.1. Fatalities in Contractor
Operated AEC Plants and Laboratories
1943 through 1974

Accident Category Fatalities

Motor vehicle, aircraft 37
Electric shock 22
Falls, falling objects 17
Chemical explosion 12
Burns 12
Asphyxiation, suffocation 9
Poison 3
Reactor explosion 3
Drowning 2
Critical assembly exposure 2
Plant criticality exposure 1
Gunshot 1

*Now Department of Energy contractors.
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CHAPTER 11
LIMITS FOR INDIVIDUAL UNITS
Part I: Single-Parameter Limits for Fissile Nuclides

Introduction
2.1. This Part is an expansion of the section of American National Standard N16.1 that bears
the same title. The term single parameter is applied to a process in which only one parameter, such
as mass of fissile material, is'controlled to prevent criticality. Thus it is described by the following
modification of the definition of “subcritical limit” appearing in 1.35 above.

Single-parameter limit (single-parameter subcritical limit): the limiting value assigned
to a controlled parameter that results in a system known to be subcritical provided the
conditions under which it applies are maintained.

Again, this subcritical limit allows for uncertainties in the calculations and experimental data used in
its derivation, but does not allow for contingencies such as double batching or failure of analytical
techniques to yield accurate values. Before applying a single-parameter limit, therefore, it is
important to consider contingencies in order to be certain that the following requirement is satisfied:

Process specifications shall incorporate a margin to protect against uncertainty in the
controlled process variable and against the limit being accidentally exceeded.

Hydrogen-Moderated Systems

Uniform Aqueous Solutions

2.2. The limits®**”*” of Table 2.1 apply to a uniform aqueous solution reflected by an unlimited
thickness of water without allowances for contingencies. The values of Table 2.1 describe single units
with higher values of k.« than are generally specified throughout this Guide. These limits are justified
by the detailed study on which each quoted value is based, which has not been duplicated for the
large quantity of data represented in the Guide. The limits expressed in linear dimensions apply,
respectively, to a uniform circular cylinder of unlimited length and to a uniform slab of unlimited
area. Areal density is defined as the product of the thickness of a uniform slab and the concentration
of fissile material within the slab; hence, it is the mass of fissile material per unit area of the slab. For
plutonium in which the content of 20py exceeds that of 2“Pu, the mass, concentration, and areal
density limits of the table apply to the sum of **Pu and ?*'Pu. It should be noted that the content of
M0py exceeds that of **'Pu in typical materials encountered in the fuel cycle.

2.3. The limits of Table 2.1 are appropriate for many commonly encountered reflector
conditions. Examples of other reflectors are the metal-water combination of a cooling jacket and a
steel wall of moderate thickness. Sometimes water-flooding may be a reasonably assumed
contingency, but, where this is not the case, the adoption of values for water reflection allows for
unknown neutron reflecting properties of nearby concrete walls, floors, neighboring water lines and
process vessels, and transient personnel. Intimate reflectors of thick beryllium, BeO, D,O, concrete,

lead, or graphite are examples of exceptions for which the listed limits would be inappropriate.



24

Composite reflectors, e.g., thick steel outside a thin hydrogeneous reflector, may be very effective,
thus requiring explicit evaluation.

Table 2.1. Single-Parameter Limits for Uniform
Aqueous Solutions Reflected by an
Effectively Infinite Thickness
of Water *

Subcritical limit for

Parameter 235U 233U 239Pu
N:Puz=4

Mass of fissile

nuclide, kg 0.76 0.55 0.51
Solution cylinder

diameter, cm 13.9 11.5 15.7
Solution slab

thickness, cm 4.6 3.0 5.8
Solution volume, liters 5.8 3.5 7.7
Concentration of fissile

nuclide, g/liter 11.5 10.8 7.0
Areal density of fissile

nuclide, g/cm? 040 035 0.25

*These values are from Ref. 9.

Homogeneous Mixtures and Uniform Slurries

2.4. The limits of Table 2.1 may be used for effectively homogeneous hydrogen-moderated
mixtures, ie., macroscopically uniform slurries, provided the atomic ratio of hydrogen-
to-fissile-material does not exceed that of an aqueous solution having the same density of fissile
material. This provision is satisfied by most common mixtures, such as oxides combined with
organic materials. The requirement that the nitrogen-to-plutonium atomic ratio everywhere be at
least 4.0 still applies.

Nonuniform Slurries

2.5. Single-parameter limits for certain nonuniform slurries may be assigned provided the
restrictions for uniform slurries are satisfied at all locations within the slurry. In that case, the
subcritical mass limits for 2*U, 2*U, and *’Pu are 0.70, 0.52, and 0.45 kg, respectively, regardless of
density distribution.’” For vertical cylinders or slabs on edge, where density gradients arise entirely
from gravitational settling (i.e., a gradient along the cylinder axis or parallel to the slab face), the
limits of Table 2.1 on cylinder diameter and slab thickness may be used. The areal density limits of
that table are valid for a horizontal slab subject only to gravitational settling provided the
restrictions for uniform slurries are met throughout. Where there are variations in the areal density,

the maximum value must not exceed the limit.
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Metal Units

2.6. Single-parameter subcritical limits****° for units of water-reflected fissile metal appear in
Table 2.2. The limits of Table 2.2 are from N16.]1 and, as in Table 2.1, represent units with higher
values of ke than are generally used throughout this Guide. The mass limits and the *U enrichment
limit for uranium apply to a unit without reentrant space that can be occupied by water or other
moderator. They may be extended to a group of small pieces having the same total mass provided
there can be no moderator between the pieces. The limits for 25U and U of Table 2.2 may be
applied to uranium containing ***U, **U, and 281 provided the masses of ***U and ***U are included
with that of #*U or **U. For typical plutonium in which the **°Pu content exceeds that of **'Pu, the
total plutonium mass should satisfy the listed limit. Corresponding limits for 2¥py are not included.
Provision for dissipation of the heat generated will generally result in masses less than those required

for criticality. Unmoderated **PuO; would have critical mass values similar to those of °pPy0,.

Table 2.2. Single-Parameter Limits
for Metal Units Reflected by an
Effectively Infinite Thickness
of Water*

Subcritical limit tor
Parameter

23$U 233U 239Pu

Mass of fissile

nuclide, kg 20.1 6.7 4.9
Cylinder diameter, cm 7.3 4.6 4.4
Slab thickness, cm 1.3 0.54 0.65
Uranium enrichment,

wt% 23°U 5.0 - -

*These values are from Ref. 9.
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Part II: Concentration-Dependent Limits
Aqueous Solutions and Metal-Water Mixtures

2.7. Single parameter limits of Table 2.1 are valid regardless of the concentration of fissile
material. If concentration is controlled, greater limits may be valid depending on the concentrations

encountered. Limits as a function of concentration (total uranium or plutonium) are given for:

e mass in Figs. 2.1, 2.5, and 2.9

e volume in Figs. 2.2, 2.6, and 2.10

e cylinder diameter in Figs. 2.3, 2.7, and 2.11
e slab thickness in Figs. 2.4, 2.8, and 2.12.

Subcritical limits for aqueous solutions, for metals, and for homogeneous metal-water mixtures of
5y, U, and **°Pu are specified. Note that the minimum values of parameters in the figures do not
correspond to values in Tables 2.1 and 2.2. The apparent inconsistency results from different
margins of subcriticality. The individual values of the tables have a smaller uncertainty than was
possible in the establishment of parameters over the entire density range. The curves may be applied
to other compounds of fissile material provided the more conservative of the metal-water limits
corresponding to concentration and moderation ratio is selected. The margin of subcriticality may
be reduced when limits are applied to low density, slightly moderated units since the effect of
reflectors on some of these systems may be enhanced; see 3.13.

2.8. Specifications are given for water reflectors of two thicknesses, 25 and 300 mm. The latter
is an effectively infinite thickness. Although materials such as concrete, beryllium, D,0, uranium,
and tungsten are more effective, light water is the most effective closely fitting reflector commonly
encountered. It is indeed one of the most effective reflectors in thicknesses of 75 mm or less. In
general, the effectiveness of hydrocarbons as reflectors saturates at thicknesses of about 100 mm.*
For methacrylate plastics, polyethylene, and paraffin as closely-fitting reflectors about fissile
materials in thicknesses not exceeding 20 mm, the 25-mm-thick water-reflected limits should be
reduced to 98% for linear dimensions and to 94% for mass and volume; for thicknesses greater than
20 mm, the 300-mm-thick water-reflected limits should be reduced to 95% of the values for linear
dimensions and to 85% for mass and volume. The values*' of Tables 2.3 and 2.4 illustrate the relative

effectiveness of closely fitting reflectors.

Table 2.3. Thickness of Reflectors Required for the Criticality of a Sphere
of Each of Various Fissile Materials

Fissile material Reflector Material Thickness (¢cm)
Form and Radius Water Iron D,0 Carbon Beryllium Plexiglus"
density (cm) (1.0g/cm®)  (7.86 g/ecm®)  (1.10g/cm®)  (1.90 g/em?®)  (1.80 g/em®)  (1.20 g/em?)

235 Metal

(18.82 g/cm®) ¢.46 15 17.56 7.23 8.36 3.76 5.05
232 Py Metal

(19.85 g/em®) 4,00 15 16.21 7.64 8.07 3.20 6.05
235U-Water

(50 g/liter) 15,68 15 10.52 10.32 7.68 4.07 6.07
239 py-Water

(30 g/liter) 15.71 15 8.99 9.64 7.21 3.86 5.87

“Methacrylate plastic, C,H, O, .
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Table 2.4. Critical Spherical Fissile Material Radii
with 15-cm-Thick Reflectors

Sphere radius (cm)

Fissile material

form and density Water Iron D,0 Carbon Beryllium Plexiglas”

(1g/em®)  (7.86 g/cm®) (1.10g/cm®) (1.90 g/cm*®) (1.80 g/cm?) (1.20 g/cm?)

135 Metal

(18.82 g/cm?) 6.46 6.53 5.90 6.04 5.02 6.19
239 py Metal

(19.85 g/cm? 4.00 4.02 3.80 3.83 3.32 3.87
235U-Water

(50 g/liter) 15.68 15.28 14.96 14.29 12.13 15.23
239 pu-Water

(30 g/liter) 15.71 15.08 14.86 14.17 12.00 15.22

%Methacrylate plastic, C;H, O, .

29. Limits given for 25-mm-thick water reflectors generally provide a sufficient margin of
subcriticality to compensate for water jackets about piping and for reflection by concrete 300 mm or
more distant. Limits for a 300-mm-thick water reflector are appropriate when reflector conditions
cannot be rigidly controlled.

2.10. The reactivity of a slab of fissile material is more sensitive to reflector conditions than is
that of other geometries. Unless the effect of a reflector is known to be no greater than that of water,
the slab limit should not be used. The limits for the two reflector thicknesses can be averaged when

the 25 mm thickness is on one side and the 300 mm thickness on the other.

Slightly Enriched Uranium (<5 wt % *°U)
2.11. Application of the limits of Table 2.1 and Figs. 2.1 through 2.4 to uranium containing
5 wt % °U or less would result in safe but very uneconomic criteria. Strict administrative controls
to establish the enrichment and to maintain material identification are mandatory in order to take
advantage of realistic limits for uranium of low enrichment. Further, criticality is not possible for

unmoderated uranium containing less than approximately 5 wt % *°U.

2.12. The critical mass of uranium enriched in **U to 6 wt % or less is lower for a
heterogeneous system than for a homogeneous system; i.e., the minimum critical mass of a lattice of
rods in water is less than that of an aqueous solution containing uranium of the same enrichment.
Therefore, limits are greater for the homogeneous materials. However, if the particles constituting a
mixture are uniformly distributed and are larger than 127 microns (i.e., not capable of being passed
through a 120-mesh screen), the mixture must be considered as heterogeneous.***?

2.13. It may be possible to make natural uranium metal rods critical in water if they are of the
appropriate diameter and spacing. The minimum U enrichment of critical homogeneous aqueous

mixtures is about 19. Calculations** made by a validated method* established the following limits
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235 : . . .. .
on the “7U enrichment of several materials that will be subcritical in homogeneous aqueous

mixtures or solutions regardless of the values of all other controlled parameters:

Limiting enrichment

Material (wt % V)
UO; 0.97
U0, 0.96
U 0.94
UO2(NOs), 1.94

2.14. Subcritical limits on masses and dimensions of U(<5)* metal and oxide rods of any
diameter or latticing in water surrounded by a thick water reflector have been calculated.*® These
limits can be applied to other heterogeneous arrangements of uranium in water. Since the reactivity
of a heterogeneous array depends on the surface-to-volume ratio of the uranium pieces and their
spacing, limits derived for rods of optimum diameter latticed at the most reactive spacing are

447 indicate that a random

applicable to other sizes, shapes, or distributions. Experiments
arrangement is less reactive than is a uniform array of rods at optimum spacing; the actual spacings
in a random array may be distributed about the most reactive spacing. Subcritical limits for uranium
and uranium dioxide in heterogeneous mixtures*’ are given in Figs. 2.13 through 2.17. The limits are
applicable regardless of the size or shape of the metal or oxide pieces; they also apply if the
environment of an aggregation of pieces does not return neutrons to the system more effectively than
does a contiguous water reflector (see Tables 2.3 and 2.4). Subcritical limits for homogeneous
oxide-water mixtures*’ are also given in Figs. 2.13 through 2.17. These limits are conservative for
solutions of uranium salts and particularly for nitrate solutions because of the lower uranium density

in the solute compared with UO, and because of neutron absorption by nitrogen.

*Read as uranium enriched to less than or equal to 5 wt % in *°U.
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Part III: Mixtures of Nuclides

Plutonium-Uranium Mixtures
2.15. Basic criticality safety criteria are available for certain homogeneous mixtures of
plutonium and natural uranium. The criteria are applicable to no more than 30 wt % plutonium,

and the composition is limited to oxides, dry or mixed with water, and to solutions.** Recommended

subcritical limits that follow apply only when the effects of neutron reflectors and other nearby

fissionable materials are no greater than that of a thick contiguous water reflector.

The limits contain no margins for contingencies (e.g., double-batching or inaccuracy of

analytical techniques*). Therefore, process specifications shall incorporate margins to

protect against the consequences of uncertainties in process variables and against a

limit being accidentally exceeded.
The limits are not applicable to heterogeneous systems, such as lattices of rods in water, mixtures in
which particles are large enough to introduce self-shielding effects, or mixtures in which the
distributions of components are nonuniform. The particle size specified in 2.12 is applicable here
also; i.e., particles constituting homogeneous mixtures and slurries should be uniformly distributed
and no larger than 127 microns (e.g., those particles capable of passing through a 120-mesh
screen).“

2.16. Consideration must be given to the possibility of preferential separation of plutonium

from uranium.

Solutions and Uniform Aqueous Mixtures*

2.17. Subcritical limits for mass, volume, cylinder and slab dimensions, and areal density of
optimumly moderated solutions of plutonium and natural uranium and uniform aqueous mixtures
of their oxides are given in Figs. 2.18 through 2.22. The limits apply to mixtures in which the
plutonium oxide concentrations range from 3 to 30 wt % of the total oxides. All limits are valid
for uranium containing no more than 0.71 wt % 2**U. The limits reflect the effects of 240py and
2!pu. The presence of ***Pu and ***Pu may be ignored because in well-moderated systems they are

neutron absorbers.

Dry and Damp Mixed-Oxide Powders*

2.18. The subcritical mass limits given in Table 2.5 apply to dry and damp mixed oxides of
plutonium and natural uranium. The latter are provided for damp oxide because completely dry
oxide may be difficult to maintain. These are for H:(Pu+U) < 0.45 (1.48 wt 9% water). Limits are
provided, also, for oxides of half-theoretical density.

*Examples of such analytical techniques are radiological, chemical, and isotopic analyses as
well as computations.



ORNL-DWG 77-15730
iH 1B BREH 1 HEES it

eo H H [ . . T . P B

-
-

-

-~

F 3
(o]

) T
x :
~ :
° :
~ RS
© 20 — ;
> Dl ;
-+ . 1 . [
~ Lot ik
S Ly :
a A it
w ‘o I H ;Y.
[} - A
nw 8 = Y
7)) i
Z 6
=)
L ¢
Q
x a :
I H
a M
W 1 L . . N I N .. . B o« ..

,__ PLUTONIUM ISOTOPIC COMPOSITION

2 j—) ——— 290p, , 241p,

e 240y > (5 w1 %% AND 2%%Pu < G wt % [linfi!

P

D e 240, > 25 wi % AND 2Py S wt % [ L
e :,' o e L
[ ey ll[l . N

L
' : 4wt ’IoC;' Pugz ‘l: Pqu+U¢2):

Fig. 2.18. Subcritical mass limits for water-reflected individual spheres of aqueous
homogeneous mixtures of PuO; and U(0.7)0.. The small quantities of **Pu and **Pu expected in
these isotopic mixtures are considered to have a negligible effect on the limits.



49

ORNL-DWG 76 -18039

'02 : L 4 P L H B IR

S

2 ————
O - iE
® IR BAS
w 10' RN
s
D !
- R
a :
>

5 IHRE .

PLUTONIUM ISOTOPIC COMPOSITION
240p, > 241p,
| === 290p, > |5 w1 % AND 2%'Py < 6 Wt %
T | —===240p > 25 wt % AND 2%'Pyu <15 wt % it
2 —
ALk A0 (TR R
: RS E 00100 O R OOt B
10° - ; :
109 2 5 10! 2 5 102

wt % OF Pu0, IN Pu0, + UO,

Fig. 2.19. Subcritical volume limits for water-reflected individual spheres of aqueous
homogeneous mixtures of PuO; and U(0.7)O;. The small quantities of **Pu and ***Pu expected in
these isotopic mixtures are considered to have a negligible effect on the limits.



ORNL-DWG 76-18042

50

N
pr— 2 Wn

. ® 5
N 6 -

= § w3 o

T~ > & m

= 4 &S R = =

3 W I~ : T

o b3 = y Rebs o

S - o 2 -

E— 8 g z

mJW Q a ”

— a

T\..l (o] F % -

= o & 5 2

- 23 28

-7 s
~ 3 NANAN ~

1

SEFFY s
-

WMI..H,.‘ DN & M. W
=& ]| "
= Qo

SR _ _ &

H- | I ! F 4

— 1T J°

(=]
k-]
a
W
[«]
= :

= L

- 5

-y

I ")

== ~

%
@] ' (o]
g 9 g 8 g 8 g 8
" " ~ ~ - - -~

(Ww) ¥Y3ILIWAVIO YIANITAD 3LINIINI

Fig. 2.20. Subcritical diameter limits for water-reflected individual cylinders of aqueous

homogeneous mixtures of PuO; and U(0.7)O,. The small quantities of ***Pu and **’Pu expected in

these isotopic mixtures are considered to have a negligible effect on the limits.



ORNL-DWG 76-18037

51

1
2

4+

iai HeH B

T

1
.~

-

R ERRR YRS

e

PLUTONIUM [SOTOPIC COMPOSITION

240p, , 241p,

1
r

1%
Ll

I
)

t
]
11

i
|

i

240p, > 25 wt % AND 2*'Py < 15wt %

I..-
+ U0,

L
Ly
H1H

-y 1H
{HH

. HO
a

'l e 240p, > (5wt % AND 24'%Py S 6wt %

juiing

!
B
|
|
!
™

g FEERERE
™

|

|

1

|

I

'

t
10'

wt % OF PuO, IN PuO,

ITITITITIT

a8 08808ALAEI B

180

160

80
60
40

S 8 8

(Ww) SSINNIIHL 8YIS 3ILINIINI

Subcritical thickness limits for water-reflected individual slabs of aqueous

Fig. 2.21.
homogeneous mixtures of PuO; and U(0.7)O.. The small quantities of 2*Pu and **’Pu expected in

these isotopic mixtures are considered to have a negligible effect on the limits.
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Table 2.5. Subcritical Mass Limits for Single Units of Mixed Oxides
of Plutonium and Natural Uranium

Masses given are for the Pu contained in the mixed oxide, and for the
permissible quantity of PuO, + UO, . The limits apply to mixed
oxides of 22°Pu and natural uranium (***U < 0.71 wt%).

PuO, in (Pu0, + UO,), wt % 3 8 15 30

Dry mixed oxides at
theoretical density < 11.0 g/cm?
Mass Pu, kg Subcritical in any amount 122 470 26.1
Mass of oxide, kg - 1729 355 98.6

Damp mixed oxides at
theoretical density < 9.4 g/cm?
H:(Pu+ U} < 045
Mass of Pu, kg 236 494 329 233
Mass of oxide, kg 8919 700 249 88.1

Damp mixed oxides at
one-half density? < 4.7 g/cm?
H:(Pu+U) <045
Mass of Pu, kg 855 161 102 67.9
Mass of oxides, kg 33,447 2282 771  256.6

9CAUTION: Application of these limits requires that the total oxide density not
exceed 4.7 g/cm?.

Subcritical Plutonium Concentrations for Unlimited Quantities of Plutonium and Natural Uranium

Materials
2.19. In the materials considered and for unlimited quantities, two conditions are specifiable

which result in a neutron multiplication factor not exceeding unity. One condition results from the
dilution of plutonium by uranium sufficiently to produce k.<1. Materials for which k« is less than
unity will be subcritical regardless of the mass, volume, shape, or reflector condition of the
containment vessel. Subcritical limits for the *’Pu content, expressed as weight percent 2*Pu0; in
(PuO; + UO;) or ?Pu in (Pu + U), in solutions or aqueous mixtures of oxides for vessels of
unlimited size are presented in Table 2.6. The table is not applicable to metal-water mixtures. The
neutron multiplication factor for infinite volumes or masses of each of the materials described will
be less than unity regardless of the density. For example, an homogeneous mixture of PuO; and
UQ; in water cannot achieve criticality if the plutonium concentration does not exceed

0.13 wt % of the total (Pu + U).

Subcritical Plutonium Concentrations for Uniform Aqueous Mixutures of Plutonium and Natural
Uranium Materials

2.20. The second condition is the dilution of plutonium by sufficient water that neutron
absorption by hydrogen will maintain k. <1. Guidance for uniform aqueous mixtures of the oxides
of natural uranium and plutonium is provided in Table 2.7 for three isotopic compositions of

plutonium. The particle size limitations of 2.12 apply. The limits are given for four concentrations of
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Table 2.6. Subcritical Concentration Limits
for 22° Pu in Mixtures of Plutonium and Natural
Uranium of Unlimited Mass

Concentration,
Materials Pu/(Pu + U)
(wt %)
Dry oxides, H: (Pu+ U) =0 4.4
Damp oxides, H: (Pu + U) <€ 0.4 1.8
Oxides in water 0.13
Nitrate solutions 0.65

plutonium expressed as weight percent PuO, in the oxides and are specified for each of three
controllable parameters. These parameters are: the mass of plutonium per unit volume, the
minimum H:Pu atomic ratio, and the mass of both oxides per unit volume. When there is less than 3
wt % PuO; in the oxides, the subcritical limit of 6.8 g Pu/f in Table 2.7 must be reduced to offset
the *°U in natural uranium which becomes relatively more important at the lower plutonium
content. For example, at 0.13 wt %, the limit is 4.9 g Pu/2. Oxides having compositions between
0.13 and 3 wt % PuO; must be treated as special cases. If the plutonium content of the oxides is
less than 0.13 wt %, criticality is not possible, as noted in Table 2.6. Alternately, subcriticality is
ensured in the plutonium concentration range if the H:Pu atomic ratio is the controlling parameter
and the ratio is not less than 3780 regardless of the composition of the mixture. The limits of Table
2.7 are applicable to aqueous solutions of soluble compounds of ***Pu in (Pu + U), for example, as
nitrates.

Table 2.7. Limiting Subcritical Cc ions of Unlimited Volumes of Uniform Aqueous
Mixtures® of PuO, and UO, (*** U <0.71 wt %)

PuO, in (PuO, +UO,), wt %

3¢ 8 15 30
Plutonium isotopic
composition 1 1 1 1 I )| 1 1 W I 1 1
H:Pu atom ratio 3780 3203 2780 3780 3210 2790 3780 3237 2818 3780 3253 2848
Pu concentration?, g/! 6.8 8.06 9.27 6.9 8.19 943 7.0 8.16 9.39 7.0 8.12 9.32
(PuO, +UO,)
concentration, g// 257 305 351 97.8 116 134 529 61.7 71.0 26.5 30.7 35.2

Plutonium isotopic

L | *pu > Py
composition:

1 Pu> 15wt %and “Pus<b6wP
1l Py > 25 wt % and *'Pu < IS wt %.

*These limits also apply to solutions of plutonium and natural uranium compounds provided all specified conditions are satisfied.
%For plutonium content less than 3 wt %, see ¢ 2.20.
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Mixtures of 2*’U, Carbon, and Water with **Th
2.21. Subcritical limits are provided in Figs. 2.23 through 2.30 for homogeneous mixtures of
2y and P'Th oxides with various amounts of carbon and water.*’ Included are limits for

water-reflected spherical masses and radii of infinite cylinders as a function of *’U density for the

various mixtures of *’UOQ,, carbon, and water with ThO; at Th:U ratios of 0, 1, and 4. As is evident
from these figures, the critical mass and cylinder radius are significantly increased by the addition of
either carbon or thorium as diluents, the effect being dependent on the quantity of water in the

mixture.

222 Th
FAV IR 8 |

=.
()
0w

to fissile metal is that of a diluent requiring an increase in the mass to maintain criticality. Further
addition of moderator, however, reduces the neutron energy, and with increasing volume fraction of
moderating diluent the critical mass is characteristically reduced. As the volume fraction of
moderator is increased without limit, the critical mass typically passes through a minimum value and
thereafter increases rapidly, becoming unbounded at some asymptotic value of the fissile material
density. Calculated subcritical limits*' for U(93.5) metal-water-graphite mixtures are given in
Table 2.8 for selected compositions and the two indicated reflector conditions. These systems
correspond to a calculated ks of 0.95 and should be applied with due consideration to possible
contingencies in operations. The tremendous moderating power of water when added to a mixture of
U(93.5) and graphite should be noted. The critical mass can drop precipitously with the addition of
small amounts of water.
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Table 2.8. Subcritical Limits for Spheres, Cylinders and Slabs of U(93.5) Metal-Water-Graphite Mixtures®

25-mm-Thick Water Reflector 300-mm-Thick Water Reflector
Sphere Cylinder Slab Sphere Cylinder Slab
Density Mass® Volume Diameter Thickness Mass® Volume Diameter Thickness
H:U (kg Ufliter) (kg U)  (liters) (mm) (mm) (kg U) (liters) (mm) (mm)
CU=0
0 188 29.5 156 943 38.0 188 0.999 71.6 131
5 4.09 222 544 147 68.3 13.2 34 111 29.6
50 0.508 3.55 6.99 162 78.0 222 437 126 418
300 0.0867 0.991 114 195 100 0.705 8.138 164 69.6
1500 0.0174 275 158 494 292 235 135 460 263
CUuU=2
1.69 141 83.7 390 217 80.8 47.7 296 120
1.28 46.2 36.1 290 154 264 20.6 219 813
50 0.399 4.22 10.5 188 933 2.61 6.55 147 515
300 0.0828 1.02 123 200 103 0.730 881 169 72.1
1500 0.0172 27 160 495 294 238 138 455 259
C:U = 100
0 0.365 104 285 598 351 63.5 174 476 230
0.341 54.0 158 487 280 324 95.0 383 177
50 0.215 5.97 278 265 140 3.70 17.2 209 84.8
300 0.0703 1.15 163 221 116 0822 117 187 823
1500 0.0166 283 170 506 300 242 145 473 270
C:U = 200
0 0.184 74.8 406 675 400 46.8 254 545 274
0.178 453 254 575 336 281 157 461 225
50 0.136 7.05 518 330 181 4.40 323 264 116
300 0.0591 1.29 218 245 131 0925 156 208 94.3
1500 0.0159 291 183 518 309 249 156 508 277
C:U = 500
0 0.0741 389 524 737 439 253 341 608 317
5 0.0731 287 393 667 395 18.6 255 549 283
50 0.0649 7.84 120 444 253 5.11 78.7 364 177
300 0.0400 1.62 40.6 305 168 117 293 261 125
1500 0.0141 313 222 555 332 269 191 514 300
C:U = 1000
0.0371 214 576 761 454 144 390 639 341
5 0.0369 18.0 488 719 427 121 330 604 320
50 0.0347 7.46 215 542 315 506 145 455 234
300 0.0260 1.99 76.5 380 215 1.46 56.1 329 167
1500 0.0119 3.50 295 611 368 305 257 560 334

'U(x) = xwt % 2*U in uranium.
*Mass as total uranium.
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Part IV: Special Geometries

Annular Cylinders
2.23. Solutions of fissile material may be stored in annuli formed by two coaxial cylinders in
which a neutron absorber has been incorporated.’ Presented in Table 2.9 are widths of annuli
acceptable for the storage of aqueous solutions of each of the three fissile isotopes at any
concentration, provided the inner cylinder has a = 0.5-mm-thick cadmium liner and is filled with
water; the width of the annulus may be formed by any combination of inner and outer radii. There is

is no restriction on solution height.

Table 2.9. Maximum Annular Thickness
for Subcritical Aqueous Solutions
of Fissile Materials of Any Concentration

External water reflector Annular thickness® (mm)
thickness (mm) 23 ’Ub 133y 239py

25 76 45 63

300 63 35 53

%nner cylinder is lined with >0.5-mm-thick
cadmium and is filled with hydrogeneous materials.
bUranium enriched to no more than 93 wt % 235 U.

Pipe Intersections’**'*

2.24. Transfer of aqueous solutions of fissile materials often involves intersecting and
branching pipe lines. Guidance is provided for intersections resulting in maximum reactivity for the
dimensions described. Conditions are specified to allow evaluation of practical process operations.
In describing pipe intersections, larger diameter pipes are usually designated as columns and those of
equal or smaller diameter, branching fiom the column, as arms. For the purpose of this discussion,
the cross-sectional area of a column is divided into quadrants, each quadrant containing only one
arm. Mutually orthogonal arms lie in a plane that is orthogonal to the axis of the column. The point
of intersection of the plane containing the arms and the axis of the column occurs at the center of a
0.5 m length of the axis defined as a “section” of the column. No other intersections occur within a
section. Diameters of columns and arms resulting in subcritical configurations within a section are
given in Table 2.10. No limit is imposed on the length of a column nor on the number of sections.
The tabulated values are applicable to installations in spaces enclosed by concrete structural walls
defining a rectangular floor area at least 2.0 m on a side. Within this floor area only one column is
permitted. The specifications of Table 2.10 apply to intersections with three possible reflector
conditions: 1) concrete at least 300 mm from the intersection, 2) concrete adjacent to the
intersection, and 3) 300-mm-thick water surrounding the column and arms. Spaces having any
dimension less than 2 m or containing other vessels of fissile material require further investigation,

either by experiment or by validated computational techniques, to confirm subcriticality.
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Table 2.10. Subcritical Pipe Inside Diameters
for Intersections Containing Aqueous Solutions

Number
of quadrants Inside diameter of columns and arms (mm)
in a section 135y 239py 233y
having
intersecting Column Arm Column Arm Column Amm
arms

. . a
Intersections at least 300 mm from concrete walls in a room

1 140 140 146 146 122 122
2 124 124 131 131 110 110
2 128 120 140 126 133 82
3 115 115 120 120 104 104
3 128 110 140 111 114 96
4 109 109 114 113 97 97
4 114 106 120 113 114 92
4 128 100 140 106 133 71

. . . . a
Intersection in contact with a concrete wall in a room

1 122 122 126 126 102 102
1 128 112 140 104 114 92
2 109 109 114 114 95 95
2 114 105 120 110 114 72
2 128 93 140 87 - -
3 103 103 108 108 88 88
3 111 99 140 84 114 69

Column and arms closely reflected by 300-mm-thick water

120 120 120 120 100 100

1

2 112 112 104 104 88 88
3 99 99 92 92 80 80
4 94 94 86 86 72 72

%Minimum dimension of room is 2.0 m.

2.25. Generally, the reactivity of an intersection is dependent upon the pipe dimensions, the
length of the arms, the material of construction, and the proximity of reflecting materials. The
contribution of reactivity to an intersection diminishes with increasing arm length and is not
significant beyond 10 arm diameters. A bank of arms terminating in a column representing an
indefinite number of sections would be subcritical by the criteria of Table 2.10. The bank of pipes
themselves, however, may require separate examination as a neutron interaction problem,
independent of the intersections, to confirm their subcriticality.

2.26. There is sufficient margin of subcriticality in the tabulated specifications to permit
multiple arms in the quadrants of a section. Extension from the single arm condition of the table is
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effected by control of the area of intersection as defined by the total cross-sectional area of the arms
in a quadrant. Two or more arms in a quadrant are allowed provided:

o the total cross-sectional area of the arms in a quadrant does not exceed the area
corresponding to the tabulated diameter,

e the surfaces of adjacent arms are separated by at least 155 mm measured on the

surface of the column, and
e the region between the arms does not contain hydrogeneous materials.

An arm with its axis inclined at an angle 6 to the column is permitted provided the arm diameters of
the table are multiplied by Vsin 6. For columns containing more than one section and one or more
arms per quadrant, the arms must be so distributed that any arbitrary choice of section, i.e.,
arbitrary 0.5 m length of column, shall contain quadrants with arm diameters, or total areas of
intersection, that satisfy the tabulated specifications.
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CHAPTER 111
FACTORS AFFECTING LIMITS OF INDIVIDUAL UNITS

Typical Contingencies

safety may be necessary. Conversely, it may be possible to relax a limit in certain instances. The
determination should be based on careful study of both normal and credible abnormal conditions.
Examples’ of changes in process conditions that affect the limits for individual units are:

e A change in the intended shape or dimensions, as a result of bulging or bursting of a

container, or corrosion, or of failure to meet specifications in fabrication.
® An increase in the intended mass of fissile material as the result of operational error.

® A change in the intended ratio of moderator to fissile material resulting from:
i) inaccuracies in instruments or in chemical analyses,
i) loss of moderator by evaporation or displacement,
iil) addition of moderator to concentrated solutions,
iv) precipitation of fissile materials from solutions.

e A change in the effectiveness of neutron absorbers resulting from:

i) loss of solid absorber by corrosion,

ii) loss of moderator,

iii) redistribution of neutron absorber and fissile material by precipitation of one
but not the other from solution,

iv) redistribution by clumping of solid neutron absorber within a matrix of
moderator or solution,

v) failure to add the intended amount of neutron absorber to a solution or ‘ailure
to add it with the intended distribution,

vi) loss or decrease in concentration of neutron absorber through process operation.

Extended Subcritical Limits

Reduced Density*’

3.1. Single parameter subcritical mass limits for unmoderated common compounds of
uranium and plutonium at theoretical density are listed in Table 3.1. The metal values of Table 2.2
are included for comparison. These limits apply to material of the density specified and may be

increased by the appropriate factors for reduced density given in Fig. 3.1. Typical forms of material
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Table 3.1. Densities and Subcritical Mass
Limits for Some Dry Fissile Materials

Fissile material Density of U, Pu, Subcritical mass limit

form or compound (g/cm?) of U or Pu(kg)
235U Metal 18.8 20.1
235(C, 11.1 27.0
23540, 10.8 29.6
235y,0, 8.3 435
235UF, 6.6 479
235UF, 4.9 69.6
2337 Metal 18.6 6.7
239 Py Metal 19.7 49
239pyQ, 11.4 9.0
23%Pu, 0, 11.4 9.0
239PuF, 9.3 10.8
239 PpyF, 7.0 16.0
139pyQY, 5.7 36.0

to which the factors for reduced density may be applied are dry metal turnings, powders, and piles of
pellets. It is necessary to avoid compaction beyond the reduced density and to avoid the introduction
of moisture.

Dilution of Metals*'

3.2. When U, **U, or plutonium metal is mixed intimately with any element for which
11 <Z<83 (from sodium to bismuth), the single-parameter subcritical limit may be increased by the
appropriate factor from Fig. 3.2. The abscissa is the volume fraction of the mixture occupied by the
fissile metal. The factor cannot be applied if a moderating material may be introduced into the
mixture.

3.3. It is apparent that the factor for dilution may be increased beyond the range of Fig. 3.2
when the volume fraction occupied by fissile material is less than 0.1. Because the need for further
increase is rare, guidance is not included in this document.

Intermediate ***U Enrichment*’

3.4. In the special case of undiluted uranium metal in which the **°U content is less than
100 wt %, the single-parameter subcritical mass limit of Table 2.2 may be increased by the
appropriate factor from Fig. 3.3; the resulting limit applies to total uranium for the U(x) material. A
factor for reduced density of total uranium (not ***U) from Fig. 3.1 may be applied in addition to
this enrichment factor.

3.5. The limits of Figs. 2.1 through 2.4 for aqueous homogeneous solutions of uranium
reflected by 300-mm-thick water may be increased for reduced **°U enrichment by the allowance
factors of Fig. 3.4. It is emphasized that these factors are not applicable to the 25-mm-thick water
reflector limits.
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Plutonium Containing *°Pu
3.6. The subcritical single parameter limits for aqueous solutions of plutonium may be
relaxed*® when 2*°Pu is present. Limits for plutonium solutions containing at least 5 wt % 40Py and

more *°Pu than **'Pu, are given in Figs. 3.5 through 3.8.

Neutron Absorbers
3.7. Should the dimensions or mass not preclude criticality of the contained nuclear material,
criticality in fissile material may be prevented by the addition of either soluble or solid neutron

absorbers.

Solid Neutron Absorbers

3.8. An American National Standard, N16.4-1971, provides guidance on the use of
borosilicate-glass raschig rings as neutron absorbers for criticality control in plants processing fissile
materials and specifies concentrations of uranium and plutonium in vessels of unlimited size when
packed with rings."” The recommended limits are summarized in Table 3.2. Several examples of
systems that go beyond the limits of Table 3.2, including data for plutonium-uranium solution

mixtures, are discussed in Chapter 5.

Table 3.2. Maximum Concentrations of Homogeneous
Solutions of Fissile Materials in Vessels of Unlimited
Size Packed with Borosilicate-Glass Raschig Rings*

Maximum uranium
or plutonium
concentration?
(g/liter of solution)

Fissile isotopes

Minimum glass content in vesscl, vol %: 24 28 32

Uranium containing no more than 270 330 400
1wt% 233U
Uranium containing more than 1 wt% 150 180 200
233
U
Plutonium? containing > 5 wt % *“°Pu 140 170 220
Plutonium® containing < 5 wt % 24°Pu 115 140 180

*Specifications: The density of the glass shall not be less
than 2.2 g/cm® at 25°C and the outside diameter of the
rings no greater than 38.1 mm. The boron content of the
glass shall be between 3.66 and 4.28 wt % boron (11.8 to
13.8 wt % B,0,)and the atomic ratio ' °B:' ' B > 0.24. The
vessel shall conform to all requirements of American
National Standard N16.4— 1971.

%The density of hydrogen in the solution shall be between
75 and 115 g/liter.

The plutonium shall contain at least 50 wt % 23°Pu,
more 24°Pu than 24!Pu, and no more than 15 wt % 24! Pu.



76

ORNL-DWG  76-1801¢
102 T T T T T :
RS 1S - -

~N
1800 000NN

|
T
1

1

T

i mm - THICK ;
ER R_EfL_ECTOR —

R e
b 140
Y i

[ A A RAOE 03002 VLLH LK Wik TR0 Y

SPHERICAL PLUTONIUM MASS (kg Pu)

0
10 N
el
S P
e .
I ]
4+
2 2200 1500 1000 500 300 200 100 S0 30 10 1 0.40 :

) 0 3

L 1| L 11 | L
CHE L ERE A B T DT T L HTE
vor :llﬁ? 1‘1< L O e S e e o R IR P e oyt I [ T S SEIn

0 2 5 0! 2 s 10°
PLUTONIUM CONCENTRATION (kg Pu /)

1y

| 1

Fig. 3.5. Subcritical mass limits for individual spheres of homogeneous water-reflected and
-moderated plutonium containing at least 5 wt 9% **°Pu and with *'Pu < **°Pu,



77

ORNL-DWG 76-18025

Sadd

2
— =
EEH i = =
B s mpl
B33 IE MESEE :
\ Hif i EgEH = =t fiE xo
4 25~ mm - THICK Tt . HH & &% :
N WATER REFLECTOR } : i it s AT
4 T il S RSN A1 Y
, 1 1 BB B aws st s : " i
10 3 gty H - SR m
5 it 300-mm-THICK 3
= WATER REFLECTOR 5
ETTLH e .

i i,-;.;'

SPHERICAL VOLUME (liters)

|
[H1

T
I

2 Puoz':'WPAuTER _
2000 1500 1000 00 300 200 100 50 30 20 10 3 1 !
L1 ] 1 ] ] ] ] | ] bz eaal

0! O e e L T R = S sl — e b - AR
10-2 2 s 10~ 2 5 10° 2 s 10! 2

PLUTONIUM CONCENTRATION (kg Pu/dL)

Fig. 3.6. Subcritical volume limits for individual spheres of homogeneous water-reflected and

-moderated plutonium containing at least 5 wt % **°Pu and with **'Pu < *°Pu.



INFINITE CYLINDER DIAMETER (mm)

10

ORNL—-DOWG 76—148016
T : 5 ! T
e T : e
SEEIREEE Hn i i S :
SHEE 1 _:__:‘ i i
=8 t a HiHL 88§35
8 =13 #4381 Uik
=8 Pt ittt
SRRRECE: B
e Bl
- LT
= e 44 T __ ) - .
H I HE 1 300-mm—THick oy pn B
:i 1
=B R
g H:PQ ‘ r— i
PuO, —WATER N It
2200 1500 1000 500 300 200 100 50 30 20 10 3 1040 ]l
1 e
N . L
T LT Tl i T — 1 .| LT TR - T TT T i
H T T T o 19 PN FYE 1A 9 et w01 VTR S Ak e 8 A B
102 2 s 10! 2 5 10° 2 5 10! 2

PLUTONIUM CONCENTRATION (kg Pu/4¢)

Fig. 3.7. Subcritical diameter limits for individual cylinders of homogeneous water-reflected
and -moderated plutonium containing at least 5 wt % 240py and with **'Pu < *°Pu.

8L



INFINITE SLAB THICKNESS (mm)

N

)
N

w»

6‘

ORNL—DWG 76— 48015
s ; s 5450 . —rr
S=522a FH i
= j:-;g« i i :h:: +
SERREIRE: i ia g T ISt I g i
E H:Pu
PuO,~WATER
;2200 1500 1000 500 100 50
4 - lj_ H 1 I’”Z1' }
5_$ it i’.:%;]( i
SE> "
1IN IR L
11701 11
'_"r—'_: ! 1
L :
: s £
§ 34 1
F i e FEH IR B i -
EREN :300—mm-THICK
_I I EWATER REFLECTOR
SS38S it SAER
EL "
S
SEE
and L -
=REES BEt T
SRBESh 3
=] X
aEdi iR o et msid kot RN (O i st e 1
A,tJ o - _;4_& — s : ..
R AEBH T H ) SEEIOE §BENY TSI O W 90 PR (1T N 0 e FE8) I A4 R 1OV O i
1072 2 5 10~ 2 5 10° 2 5 10' 2

PLUTONIUM CONCENTRATION (kg Pu/f)

Fig. 3.8. Subcritical thickness limits for individual slabs of homogezr}‘gous water-reflected and
-moderated plutonium containing at least 5 wt % **°Pu and with **'Pu < **°Pu.

6L



80

Soluble Neutron Absorbers

3.9. Any use of a soluble absorber for criticality prevention requires confirmation that the
absorber be uniformly distributed in the fissile solution and that it cannot precipitate.

3.10. The concentration of gadolinium in unlimited quantities of aqueous plutonium solutions
required for k< to be less than unity have been calculated. The calculations were validated by

%334 The data of Fig. 3.9 are applicable to *’Pu(NO;), solutions of zero

experimental measurements.
acid molarity. The maximum diameter of subcritical cylinders of infinite length of Pu(NO;),
solutions containing various concentrations of Gd(NOj3); are shown in Fig. 3.10.

3.11. The concentration of boron in unlimited quantities of aqueous uranium solutions
required to reduce k« to be less than unity have been calculated. The calculations were validated by

5 . . .
%3¢ and calculations performed for several enrichments not exceeding 5 wt % 2**. For

experiments
any given enrichment, there will be a H:U atomic ratio that results in a maximum k. Figure 3.11
gives the minimum B:**U atomic ratio required to result in k. less than unity for any moderation
and for any ***U uranium enrichment up to 5 wt %.

3.12. Calculations*™* indicate that the presence of one atom of boron for each atom of **U
will maintain large volumes of aqueous solution subcritical for **U concentrations less than

400 g/liter. A boron-to->*U atomic ratio of 1.5 is sufficient up to a concentration of 1000 g/ liter.

Shape

3.13. Certain shapes of containers for fissile materials, such as elongated or squat cylinders,
may have the mass and container capacity limits of Chapter II increased by the appropriate factor of
Fig. 3.12. The factors apply to water reflected units and do not apply to other reflector materials,
e.g., methacrylate plastic, polyethylene, graphite, etc. Factors should not be applied to slightly
moderated, low density materials with closely fitting reflectors, for example PuO; at a density of
1 g/cm’ and an H:Pu = 0.4. The situation may be generally described as a reflector moderating

effect (see 2.7) and will require additional analysis.

Concrete

3.14. Concrete is significant in nuclear criticality safety because its effectiveness as a neutron
reflector may exceed that of water. As a consequence, it may be necessary to reduce the limits given
in Chapter II. Although the composition of concrete is variable, its effectiveness as a reflector
changes only slightly within the typical density range of 2.1 to 2.4 g/cm’ and as the moisture
content ranges from 3 to 10 wt %.

3.15. For closely fitting concrete 100 mm or less in thickness, the single unit limits specified in
Chapter Il for thick water reflection may be used. This concrete thickness corresponds to a
maximum of 230 kg/m?’ (~48 Ib/ft’).
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3.16. Closely fitting concrete of greater than 230 kg/m? areal density will require a reduction
8

of the thick water reflector limits. The limits should be multiplied by the following factors:***!

e (.90 for mass and volume,
e (.80 for diameter of infinite cylinders, and

e 0.44p"' for thickness of infinite slabs,

where p is the fissile material concentration in g/cm’.

3.17 A vessel located in a concrete cell or in the vicinity of a concrete wall is often
encountered. Guidance is available for the location and dimensions of spherical and cylindrical
vessels depending on the concentration of the aqueous fissile materials.”’ For fissile material
concentrations not exceeding 0.5 g/cm’, the thick water reflector limits may be used provided a
surface separation between the vessel and concrete walls or floor is not less than 0.5 the prescribed
vessel diameter. For higher concentrations, the minimal surface separation should be 0.6 the
prescribed diameter.

3.18. Spacing between a concrete reflector and the face of an extended slab does not allow
relaxation of the limit for a closely fitting reflector in the absence of specific evaluation. Application
of direct experimental evidence or validated computational technique is required.
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CHAPTER 1V
STORAGE AND TRANSPORTATION
PART I: Limits for Arrays

4.0. In addressing the nuclear criticality safety of fissile material storage, consideration must
be given to the purpose of the storage area. It may be a service area providing temporary storage for
materials in process, it may be an area for transient materials in transport, or it may be an area for
long-term storage. Each use presents different problems. The number of units, their mass and other
properties, the necessary accessibility, and the desired margin of subcriticality help to determine the
spacing of material.

American National Standard Guide for Nuclear Criticality Safety in the Storage of Fissile
Materials,”® N16.5-1975, presents mass limits for spherical units of fissile materials assembled in
cubic arrays reflected by thick water. The tabulated arrays have a neutron multiplication factor not
exceeding 0.95. While it does not answer all questions, this Standard is directly applicable to many
storage problems.

4.1. The materials to which the Standard is applicable are plutonium, *’U, and uranium
containing more than 30 wt % **U, as metals and as wet and dry oxides. The water content of the
oxides varies between about 1.4 and 40 wt % (e.g., 0.4< H:U <20).

4.2. The limits are also conservatively applicable to units not spherical in shape. Each unit is
considered centered in its cell, and some guidance is provided for relaxing this requirement as well as
for modifying the cell shape.

4.3. The specifications for cubic arrays are applicable to arrays of any shape because of the
increased neutron leakage from noncubic arrays. The introduction of hydrogenous materials into the
space between units is not provided for in the Standard; if such moderation is present, the effect
must be evaluated by a validated computational technique. The effect on array reactivity due to the
introduction of water, as for example from fire protection systems, is strongly dependent on the
form of the fissile material and on the mass and spacing of the units. There is, however, an adequate
margin in the limits to accommodate incidental moderation such as would result from enclosing the
units in plastic bags that introduce no more than 10 g of polyethylene per kilogram of fissile
material,

4.4. Factors for reducing the mass limits are provided for concrete-reflected arrays. The limits
are reduced to 75% of their tabulated values if the concrete thickness is between 120 and 200 mm
and to 60% for greater thicknesses. Criteria are presented for pairs of arrays in concrete enclosures.

(Slight neutron coupling of arrays separated by 500-mm-thick concrete has been observed
experimentally.’®)
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4.5. Each unit of an array must remain subcritical if immersed in water. The possibility of
double batching of the units in a storage cell should be considered when establishing safety limits
and operating procedures. Administrative controls, limited capacity containers, and storage cell
design may be useful for the prevention of double batching.

4.6. Consideration should be given to other normal and credible abnormal storage conditions
that may affect array subcriticality. Typical examples’ of changes in operating conditions that

should be considered are:

e flooding, spraying, or otherwise supplying units or groups of units with water, oil, snow
(i.e., low density water), cardboard, wood, or other moderating materials;

e the introduction of additional units or reflectors;

e improper placement of units;

e loss of moderator and neutron absorber between units;

e collapse of a framework used to space units;

e a change in the density of fissile material during storage;

e the substitution of units containing more fissile material than permitted in operations as

a result of operational error or improper labeling.

Alternate Storage Criteria
4.7. The following method of criticality control for handling and storing fissile materials
represents an extension of the information in N16.5-1975. The method is based upon the same

%%! used for the Standard. The technique is applicable

experimental data and validated calculations
to single storage arrays of any shape reflected by concrete of any thickness and result in storage
arrays having a calculated k., < 0.93.

4.8. The method consists of a systematic labeling of each fissile material container with a
numeric and controlling the total numerics in a storage or process area. This is accomplished by a
Criticality Indicator (Cl) system and it is the basis for control of nuclear criticality.*’ The system
requires that each unit be associated with a cell or container volume and assigns a CI to the

container by the relation

_ 100
Cl = N 4.1)

where N is the total number of containers permitted in a storage array. The CI aggregate of a
storage area must not exceed 100. The aggregate CI is the sum of the individual Cls, independent of
the type of fissile material. All fissile materials presented for storage or handling must be suitably
contained and have an assigned CIl. Considerations other than criticality control may make
segregated storage desirable.

4.9. In this Guide, the CI system is applied only to the units of fissile materials described in
Table 4.1. This description includes the chemical and isotopic form, the density, hydrogen content,

and the mass. The unit may have any shape provided it is subcritical submerged and the constraints
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of 4.12 on cell geometry and spacing of units of are satisfied. Each unit has been assigned to a mass
category indicated by alphabetic characters. The CI system is equally applicable to masses of fissile
materials at densities less than the specified maximum of Table 4.1.

4.10. There are two category types described in Table 4.1: those designated by a single letter
and those by double letters. The units designated by a single letter are subcritical when submerged
and, therefore, their descriptions are suitable water-reflected masses for general use. Some of the
units designated by double letters may be critical if submerged, for example, a sphere of »*°Pu, and
therefore require additional assessment if water reflection is a possibility.

4.11. Fissile materials having isotopic content intermediate to those described in Table 4.1
should be considered as having the higher value. For example, U(55)O; should be considered as
U(70)0O: and Pu(85) as Pu(94.8). Plutonium is considered to have less **'Pu than **°Pu. Similarly, an
intermediate mass should be assigned to the category representing the larger value.

4.12. The unit of a mass category may be made up of smaller individually contained quantities
and the units of fissile material should be centered in the cell or container volume to within 10% of
the smallest dimension of the cell. Cells may be of any shape® provided the ratio of the largest to the
smallest cell dimension does not exceed 3. Cell dimensions should provide a surface separation of
units not less than 155 mm. Packaging materials containing hydrogen, such as thin plastic bags (see
4.3), is allowed.

4.13. The CI value is assigned to a storage cell in an array or to a container and depends on
the mass category of the fissile material and on the volume of the cell. Table 4.2 presents the CI
values to be assigned to cells containing units of mass categories specified in Table 4.1. Units in the
same category are equivalent in an array and may be interchanged without a change in the array
neutron multiplication factor. For example, any material of mass category Q contained in a volume
of 113.6 liters (30 gal) would be assigned a CI value of 0.33.

4.14. Cell or container volumes different from those given in Table 4.2 may be assigned a ClI,

by interpolation, using the relation

Cl v*=Cl1 V! 4.2)

where V, and C], are any tabulated values for the mass category of the fissile material. For example,
assume it is desired to store a mass category Q unit in a 300-liter container. The value of CI for a

container V, of 227.1 liters is 0.09. The CI value to be used, therefore, is calculated as

2
_ 227.1) _
Cl = 0.09 ( 300) 0.05

4.15. The effect on array criticality of hydrogeneous moderating materials interspersed
between the units of a storage array, such as water from sprinklers, should be investigated by a

validated calculational technique or by experiment and an appropriate margin of safety applied.



Table 4.1. Mass Categories for Units of Fissile Materials to Which the Criticality Indicator System is Applicable

Fissile material U(100)  U(100)0,  U@932) U930, UBD) U®BDO, UT0) UI00, UGO  UGOO, U@ U(30)
Atomic ratio®, H:U or H:Py 0 04 3 0 04 3 0 04 3 0 04 3 0 04 3 0 0
Max. density’, g U/cm® or Pu/em® 187 83 45 187 83 45 187 83 45 187 83 --45 187 83 45 187 187
Mass category” Mass of fissile material® (kg)

A 24 21 14 26 23 14 28 25 16 31 29 17 42 36 20 53 66

B 28 25 16 31 27 17 32 30 18 37 34 20 S0 43 24 63 19

c 32 29 19 36 31 19 37 35 21 42 39 23 s8 50 27 712 9l

D 36 33 21 40 35 22 43 40 24 48 44 26 66 ST 31 83 104

E 41 37 24 45 40 25 48 45 27 S4 SO 30 714 64 35 93 117

F 45 41 27 S0 44 26 S3 SO 31 60 56 33 82 71 39 104 130

G 49 45 29 55 49 31 58 55 34 66 62 37 91 19 43 114 144

H s4 50 32 60 5S4 34 64 61 37 12 68 40 100 87 48 126 159

i 58 54 35 65 55 37 10 66 41 18 14 44 08 $5 52 37 Q73

) 63 59 38 10 64 40 15 12 44 85 80 48 118 103 57 149 189

K 68 64 41 76 69 43 81 16 48 92 87 52 128 112 61 161 204

L 73 69 45 81 714 47 87 84 S1 99 94 56 138 121 66 174 220

M 727 14 48 87 19 S0 93 90 S5 106 1001 60 148 130 71 186 237

N 82 79 51 92 85 54 99 97 59 113 108 64 158 139 16 200 254

0 87 84 S5 98 91 57 106 103 63 120 115 68 169 149 81 213 272

P 93 89 58 103 97 61 112 110 68 128 123 73 179 159 87 227 290

Q 98 95 62 109 103 65 119 117 72 136 131 78 190 169 93 242 309

R 103 101 66 115 109 69 126 124 78 144 139 83 202 180 99 257 329

s 108 107 70 121 116 73 132 132 81 152 148 88 214 191 105 272 349

T 114 113 74 127 122 78 139 139 86 160 156 93 226 203 111 288  37.0

v 1.9 119 78 133 129 82 147 147 91 169 165 99 239 215 117 304 392

v 125 126 83 140 136 87 154 166 96 177 174 104 252 227 124 321 415

w 131 133 87 146 144 91 162 164 101 186 184 110 265 240 13.1 338 438

AA 136 140 92 153 1s1 96 169 173 106 195 194 116 279 253 136 356 462

BB 142 147 96 159 159 100 177 182 112 205 204 122 294 267 146 315 488

cc 148 154 101 166 167 107 185 191 118 214 215 129 308 281 154 324 514

DD 154 162 107 173 175 112 194 201 124 224 226 135 324 296 162 415 541

EE 160 170 112 180 184 118 202 211 130 235 238 142 339 312 171 436 570

FF 167 178 117 187 193 124 211 221 137 245 250 150 356 328 179 457 599

GG 173 186 123 194 101 130 220 232 144 256 262 157 37.3 345 189 479 630

HH 180 195 129 202 212 136 229 244 151 267 215 165 390 363 198 502 663




Table 4.1 (Continued)

Fissile material U@30)0, u(s)o, Pu(100)° Pu(100)0, Pu(94.8) Pu(94.8)0, Pu(80) Pu(80)0, 1y 390,
Atomic ratio?, H:U or H:Pu 0.4 3 3 0 04 3 0 04 3 0 04 3 0 04 3

Max. density®, g U/cm? or Pu/cm® 8.3 4.5 4.6 19.7 8.7 4.7 19.7 8.7 4.7 19.7 8.7 4.7 184 82 45

Mass categoryb Mass of fissile material® (kg)

A 5.5 2.7 45 1.2 1.2 09 1.2 1.3 1.1 1.3 14 1.3 1.2 1.2 09

B 6.5 3.2 53 1.3 14 1.1 1.3 1.5 1.2 1.6 1.7 1.5 14 14 1.0

C 7.5 3.7 6.1 1.5 16 1.3 1.5 1.7 14 1.8 1.9 1.7 1.8 16 1.2

D 8.6 4.2 6.9 1.7 1.8 14 1.7 19 16 20 22 20 1.6 19 14

E 9.7 4.7 7.8 1.9 20 16 1.9 22 18 22 25 22 2.0 21 1S

F 10.8 53 8.8 2.1 23 1.8 2.1 24 20 24 2.7 25 22 23 1.7

G 12.0 5.8 9.7 2.3 25 20 22 26 22 26 3.0 2.7 2.5 26 19

H 13.2 6.4 10.7 24 2.7 22 24 29 25 2.8 33 3.0 2.7 28 2.1

I 14.5 1.0 11.7 2.6 30 24 2.6 3.1 27 3.0 36 33 29 31 22

J 15.7 7.6 12.8 2.8 32 26 2.8 34 29 3.2 38 35 31 33 24

K 17.1 8.3 138 29 35 28 3.0 3.7 3.1 34 4.1 38 33 36 26

L 184 8.9 149 3.1 3.7 3.0 3.1 39 34 36 44 4.1 35 38 28

M 19.8 9.6 16.1 33 40 3.2 33 42 36 38 4.7 44 37 41 30

N 213 103 17.3 35 42 34 35 45 39 4.0 50 4.7 4.0 44 33

o 228 11.0 18.5 3.6 45 36 3.6 4.7 4.1 4.2 5.4 5.0 4.2 47 35

P 244 117 19.8 3.8 48 39 38 50 44 44 5.7 53 44 50 37

Q 26.0 125 21.1 39 50 4.1 4.0 53 46 4.6 6.0 5.7 4.6 53 39

R 27.7 133 22.5 4.1 53 44 4.1 56 49 4.8 6.4 6.0 48 56 4.2

S 294 141 239 43 56 4.6 43 59 5.2 49 6.7 6.3 5.1 59 44

T 312 149 254 44 59 49 4.5 6.2 56 5.1 7.0 6.7 5.3 6.2 4.7

§) 331 158 27.0 4.6 62 5.1 4.6 65 58 5.3 74 71 55 65 49

\% 35.1  16.7 28.7 4.7 65 54 4.8 6.8 6.1 5.5 7.8 7.4 5.7 69 5.2

w 3717 177 30.3 49 68 5.7 49 7.2 64 5.7 8.1 7.8 6.0 72 5.5

AA 39.2 186 32.1 5.0 71 59 5.1 75 6.7 59 8.5 8.2 6.2 76 5.7

BB 414 19.7 339 5.2 74 62 53 7.8 7.1 6.0 8.9 8.6 6.4 80 6.0

CC 438 207 35.8 53 77 6.5 54 82 74 6.2 9.3 9.1 6.7 83 6.3

DD 46.2 21.8 379 55 8.1 6.8 56 8.5 7.8 6.4 9.7 9.5 6.9 8.7 6.6

EE 48.7 23,0 40.0 5.6 84 7.2 57 89 8.1 6.6 10.1 100 7.1 9.1 170

FF 513 242 422 58 88 1.5 59 93 85 6.7 105 104 7.4 95 13

GG 54.1 25.4 445 59 9.1 7.8 6.0 9.6 8.9 6.9 11.0 109 7.6 99 7.6

HH 57.0 26.7 46.9 6.1 9.5 8.2 6.2 100 9.3 7.1 114 114 7.8 104 80

“Total uranium or total plutonium.
Units designated by double letters may require subcriticality assessment of the submerged unit.
“Read as plutonium having 100 wt % 23* Pu.

16



Table 4.2, Value of Criticality Indicator Assigned to a Cell in a Concrete Reflected Storage Area

(The sum of criticality indicators in a storage area shall not exceed 100)

Cell volume

Liters 189 378 568 757 946 1136 1325 1514 1703 1893 208.2 227.1 4164
(gal) )y o as)y @o (@2s) (30 3% (40) “5) (50) (5s) 60) (110)
Mass category
A 008 002 001 0.01 o0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
B 0.14 0.04 002 o0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
C 0.21 006 003 001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
D 031 008 004 0.02 001 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
E 043 0.12 006 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
F 059 0.17 008 004 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
G 079 023 011 006 0.04 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01
H 1.03 030 0.4 0.08 0.05 0.04 0.03 0.02 0.02 0.01 0.01 0.01 0.01
I 040 0.19 0.11 0.07 0.05 0.04 0.03 0.02 0.02 0.02 0.01 0.01
J 051 024 0.14 0.09 0.07 0.05 0.04 0.03 0.02 0.02 0.02 0.01
K 0.64 031 0.18 0.12 0.09 0.06 0.05 0.04 0.03 0.03 0.02 0.01
L 081 039 023 0.15 0.11 0.08 0.06 0.05 0.04 0.03 0.03 0.01
M 1.00 049 0.29 0.19 0.14 0.10 0.08 0.06 0.0 0.04 0.04 0.01
N 1.23 061 037 0.24 0.17 0.13 0.10 0.08 0.07 0.05 0.05 0.01
0 0.75 045 0.30 0.22 0.16 0.13 0.10 0.08 0.07 0.06 0.02
P 092 056 0.37 0.27 0.20 0.16 0.13 0.10 0.09 0.07 0.02
Q 1.12 068 046 0.33 0.25 0.19 0.16 0.13 0.11 0.09 0.03
R 0.83 0.56 0.40 0.31 0.24 0.19 0.16 0.13 0.11 0.03
S 1.00 0.68 0.49 0.37 0.29 0.24 0.19 0.16 0.14 0.04
T 1.20 0.82 0.60 0.46 0.36 0.29 0.24 0.20 0.17 0.05
U 0.99 0.72 0.55 044 0.35 029 .0.24 0.21 0.07
\Y 1.19 0.87 0.67 0.53 043 0.35 0.30 0.25 0.08
w 1.05 0.81 0.64 0.52 043 0.36 0.31 0.10
AA 0.97 0.77 0.63 0.52 0.44 0.38 0.12
BB 1.17 093 0.76 0.63 0.53 0.46 0.15
CcC 1.12 0.92 0.76 0.65 0.56 0.18
DD 1.11 0.92 0.78 0.67 0.23
EE 1.12 0.95 0.82 0.28
FF 1.15 0.99 0.34
GG 1.21 042
HH 0.52

[4]
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Transportation

4.16. Transport regulations®’ distinguish between “undamaged” and “damaged” packages. The
condition of an undamaged package is established by tests that simulate the effects of dropping
during handling, extremes of summer heat and winter cold, and rain. The damaged package is
defined by a sequence of severe tests for impact, fire, and flooding. A single package must remain
subcritical when immersed in water, thus inleakage of water is assumed unless there is a specific
individual demonstration before use that such inleakage cannot occur.

4.17. The storage criteria contained in N16.5-1975 or in Tables 4.1 and 4.2 may be used to
define limits applicable to Type B, Fissile Class Il packages in transport. For Fissile Class 11
packages, the only control required is a limitation on the number of packages in a vehicle or in a
storage area to a specified value, Na. The transport index (TI), assigned to a package for criticality
control is equal to 50 divided by No where the number of allowable packages satisfies both of the

following requirements:*’

a. Five times the allowable number of undamaged packages are subcritical in any
arrangement closely surrounded by the equivalent of an effectively infinite water
reflector.

b. Twice the allowable number of damaged packages remain subcritical in any
arrangement with any distribution of water that is consistent with the results of

package tests.

In evaluating the requirements for a damaged package the fissile material is to be assumed in the
most reactive credible configuration consistent with the damaged condition of the package and with
the chemical and physical form of the contents. Further, it is to be assumed that water moderation
of the array is consistent with the damaged condition of the package and the chemical and physical
form of the contents.

4.18. The water-reflected arrays described in N16.5-1975 define acceptable mass loadings for
the undamaged package. The assignment of the T1 is then determined by

50 _ 250
== === 4.3

Tl N. N 4.3)

where N is the tabulated number of units corresponding to the mass and cell size in N16.5-1975. The

tabulated masses are based on theoretical densities and may be applied to materials at densities not

less than 0.25 theoretical.** Free volume in packages, allowing possible additional reduction of fissile

material density in transport packages, should be discouraged.
4.19. Specifications for the transport of packaged fissile materials may be derived from the CI

system since it may be modified to define arrays reflected by 300-mm-thick water, thereby
establishing suitable fissile limits for packages in transport. The relation between a category of fissile
material in storage, as given in Table 4.1, and a category in transport is given by Table 4.3. The
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transport mass category of Table 4.3 is then used with Table 4.2 to evaluate the CI for a package.
The transport index, TI, is then related to the Criticality Indicator, CI, by

TL = 2.5 CI (4.4)

Table 4.3. Relation Between Storage and
Transport Mass Categories for Volumes

of Fissile Materials
Storage Transport Storage Transport
A-D A S M
E B T N
F C 8) (0]
G,H D A\ P
I E w Q
J F AA R
K,L G BB S
M H CC T
N 1 DD 8]
(0] J EE v
P.Q K FF w
R L GG AA
HH BB

4.20.  As an illustration, use Tables 4.1 through 4.3 to assign transport indices to packages,
assume the product of an operation is a 1.3 kg quantity of Pu(80)O, containing less than 1.4 wt %
moisture (i.e., H:Pu<0.4). The oxide is bagged and sealed in one-liter cans. It is desired to ship four
such product cans in a 208 liter (55 gal) package having an inner container that will accommodate the
four cans coaxially. The mass category of a 4.6 kg Pu unit as PuO, in storage is M, from Table 4.1.
The mass category in transport of these units is H, by Table 4.3. The mass category H in a 208 liter
container has a CI of 0.01 by Table 4.2, and Eq. (4.4) gives TI=0.03, to be entered on the package
label.

4.21. Tt will be necessary to analyze the damaged package consistent with the package test
results as described in 10CFR71, Appendix B, to determine whether (a) or (b) of 4.17 is the limiting
condition.
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PART II: Neutron Interaction

Surface Density, Density Analogue, and Solid Angle Models
4.22. Limits for the handling and storage of units of fissile materials may be established by the
models described in this Part. The critical dimensions of the water reflected infinite slab and the
unreflected sphere of fissile material are the basic information required for application of the surface

density and density analogue models.**%

The surface density method is useful for large areas or for
those situations in which the extent of fissile materials in one direction is limited or controlled. An
average surface density is defined by projecting the masses of units onto an area of a plane such as a
floor or wall. The spacing and mass of units may be established independent of the number of units.
The density analogue method is used to define limits independent of storage arrangement. The mass
of units, their number, and their spacing are the useful parameters. Choice of one of the variables
results in an expression relating the remaining two, thereby allowing definition of limits. The solid
angle method is the direct application of an established relation between the largest neutron
multiplication factor of the units in an array and the maximum calculated solid angle subtended at
any unit by all other units in the array. The solid angle method specifies limits for the spacing and

the maximum allowed ke of units in an array.

Surface Density
4.23. Nuclear criticality safety limits may be expressed in terms of an allowed surface density,
o, of fissile material by the relation

g = 0.54 01)(' - 1370 (45)

and the corresponding center spacing of units, d, in mm, from

)

by

_ nm (4.6)
d =137 [o()(l - 1.370]Li cm

where

oy = the surface density of the water-reflected infinite slab in g/cm’

f = the ratio of the mass of a unit in the array and the critical mass of an unreflected sphere
of the same material,
n = the number of units in the direction of the projection onto a wall or the floor of the

storage area, and

m = the mass of a unit in g.
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Equations 4.5 and 4.6 are applicable to infinite planar arrays reflected by water at least 155 mm
thick or its nuclear equivalent. The reflector is located no closer to units in the array than the
boundaries of the cells associated with the units.

4.24. In the absence of criticality data, known consistent subcritical values such as appear in
Figs. 2.1 through 2.12 may be used for guidance. For example, a unit of U(70)O; containing 5 kg of
uranium at an H:U of 12 may be established from the data for metal-water mixtures. A conservative
estimate of the unreflected critical spherical mass is the subctitical limit from Fig. 2.1. The
subcritical limit is ~14 kg of uranium at an H:U=12 (p = 2.1 g U/cm’) for a sphere reflected by a
25-mm-thick water. The corresponding reflected slab thickness (Fig. 2.4) is 34 mm. Thus
oo = 7.14 g U/cm?, and f = 0.36, giving an allowed surface density (Eq. 4.5),

0.54(7.14)(1 - 0.49)
197 g U/cm?

o

Applied to two tiers in a planar arrangement, the recommended spacing, by Eq. 4.6, would be

12

d=13.7[ 2(5000 ] =718 m.

7.14 (1 - 0.49)
Density Analogue

4.25. Subcritical limits for storage arrays of any shape reflected by at least 200-mm-thick
water are defined by the following density analogue relation:

2.100 3
N ==— (1 - 1.370] \'a 4.7

m

where the quantities oo, m, and f are defined in 4.23, and

V = the cell volume occupied by a unit in the array, and
N = the total number of units.

The minimum center spacing (in mm) of units in the array is given by

= nm 2
d "’[2.100(1 - 1.37:)] (4.8)

where n = N2,

Applied to 125 units (n = S) of the materials in 4.24, the recommended center spacing would be

_ (5)5000 1”2
a=10 [2.1(7.14)(1 = 0.49)]
572 mm .
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4.26. It is informative to contrast the surface density and density analogue models applied to a
large number of units. Consider 20,000 units as described in 4.24. The administrative control limiting
the number of units in one direction to only two would permit a center spacing of ~0.7 m, by Eq.
4.6. On the other hand, no comparable administrative control would be required by the density
analogue method and any arrangement of the 20,000 units would be allowed, but would necessitate a
spacing of ~1.3 m.

4.27. The safety limits for water-reflected arrays may be extended to individual arrays
reflected by concrete of any thickness by the following:

¢ The surface density, o, of Eq. 4.5, for water-reflected planar arrays is reduced to 60%

for similar concrete-reflected planar arrays to determine the allowed spacing.

® The average fissile material density for concrete-reflected arrays of any shape is 509 of

the average fissile material density for similar water-reflected arrays.

¢ The number of units for concrete-reflected arrays of any shape is 1/4 the number of

units for similar water-reflected arrays.

4.28. Experimentally determined unreflected spherical masses or values calculated by a
validated method may be used in Egs. 4.5 through 4.8. Table 4.4 lists some useful calculated data
for the materials of Table 4.1.

Solid Angle

4.29. This method was developed® as a quick, empirical means of evaluating interaction
between small numbers of moderated fissile units. The technique has been extended in practice to
arrays containing large numbers of units. Application of the method, which is based on experiments
with aqueous solutions, to small numbers of closely spaced units characterized by a fast neutron
spectrum can result in nonconservative spacing.**® Specifically, direct application of the
relationship between k. and the maximum allowable solid angle could lead to critical configurations
were there not a required minimum spacing of 0.3 m between units. Guidance for the storage of
these units can best be obtained from American National Standard N16.5-1975.

4.30. The solid angle method specifies a maximum allowable solid angle subtended at any
unit, with a neutron multiplication factor k., by all other units in the array. A given array is then
judged to be subcritical if the actual solid angle is equal to or less than the allowed solid angle given

by
Qullowcd = 9 - lokeﬂ' (4'9)

where
Quiowes = the allowed solid angle in steradians (sr) subtended at the center of any unit by the
remainder of the units in the array
ker = the neutron multiplication factor of the given unit.
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Table 4.4. Some Calculated Unreflected

Spherical Critical Masses
Material Atomic ratio,? Density, Mass, ¢
form H:UorH:Pu (kgU/lorkgPu/l) (kg)
U(100)Metal 0.0 18.7 45.6
U(100)0, 0.4 8.3 81.7
U(100)0, 3.0 45 57.8
U(93.2)Metal 0.0 18.7 52.1
U(93.2)0, 04 8.3 90.2
U(93.2)0, 3.0 4.5 63.5
U(80)Metal 0.0 18.7 69.8
U(80)0, 04 8.3 111.3
U(30)0, 3.0 45 74.0
U(70)Metal 0.0 18.7 89.1
u(70)0, 04 8.3 133.3
U100, 3.0 4.5 83.4
U(50)Metal 0.0 18.7 159.6
U(s0)0, 04 8.3 207.7
U(s0)o, 3.0 4.5 112.8
U(40)Metal 0.0 18.7 228.0
U(30)Metal 0.0 18.7 379.7
U(@30)0, 04 8.3 409.6
U(@30)0, 3.0 4.5 150.0
u(s)o, 3.0 4.6 494.6
Pu(100)Metal 0.0 19.7 9.9
Pu(100)0, 04 8.7 26.6
Pu(100)0, 3.0 47 28.6
Pu(94.8)Metal 0.0 19.7 10.3
Pu(94.8)0, 0.4 8.7 27.9
Pu(94.8)0, 3.0 47 32.7
Pu(80)Metal 0.0 19.7 11.6
Pu(80)0, 0.4 8.7 32.1
Pu(80)0, 3.0 4.7 424
233y Metal 0.0 184 15.7
233y, 04 8.2 34.4
133y, 3.0 45 31.6

%Total uranium or total plutonium.

The neutron multiplication factor of each unreflected unit by itself is estimated by a validated
calculational technique. The following conditions must be satisfied in order to apply the method:

a.
b
C.
d

4.31.

The k., of any unit shall not exceed 0.80,

Each unit shall be subcritical when completely reflected by water,

The minimum surface-to-surface separation between units shall be 0.3 m, and
The allowed solid angle shall not exceed 6 sr.

The actual solid angle between units is calculated by the methods illustrated in Figs. 4.1

and 4.2. The contribution of a unit to the solid angle at a point P is a function of its surface area and
its minimum distance H to the point P. For arrays of simple identical units at uniform spacing, the
interpretations of H and P are straightforward. For these arrays, P is chosen as the center of the
“centermost” unit. The total solid angle subtended at this point is, then, the sum of the contributions

due to all other units in the array.
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R = Radius of the sphere
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surface of the sphere
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where

A = Length of one side of the plane
B = Length of the other side of the plane

A
H = Perpendiculer distance from the point to \VY/
the plane

If the point is directly above the center of a plane with dimensions
2A X 2B (rather than over a corner as shown above), multiply §1 by 4 to
obtain the solid angle.

Fig. 4.1. Solid angle approximate formulas.



OFFSET CYLINDERS

The solid angle subtended at point P by the curved surface of the

offset cylinder shown below
=
p _J X
o—H

can be evaluated by superposition. To do this, the solid angles subtended
by cylinders with lengths 2 (L + X) and 2 X are calculated as shown
below. The desired solid angle is (2, — £2,)/, where &1, and 2, are

as shown.
D D
° X
L+X —H
P X
*—H
L+ X
Q, i
2, —Q,)
Thus - ——_“———— + contribution from disk.
D(L + X) XD

+ contribution from disk.

HYL+X)2+H2 4 /X2 + W2

The solid angle subtended by the bottom of the cylinder can be
eveluated as an offset disk.

Fig. 4.2. Superposition application of solid angle formulas.

ORNL-DWG 77-14244

OFFSET PLANES

For plane S, shown below the solid angle 2, is given by

Rs=Rasgx icen) ~Paspxc

—[®axic+or ~Baxc])

Using the point to plane formula from Fig. 4.1

Qg =sin

(A+B)(C+D) (A +8BIC ]

- - sin"[
L/cmmhn’ \/(c+o)1+u2] fa+er? + 12 JcT+ H2

A(C+D)

—sin~!
[\/A7+u2 Jic+o2 + 12

]+ sin
)

OFFSET DISKS

Rather complex expressions for the solid angle result when the point P is not directly above the
center of the disk. A conservative approximation for this offset case is to apply the point-to-disk
formulas in Fig. 4.1 with the di H defined as the perpendicular distance from the point P to the
plane of the disk.

001
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4.32. For other arrays the procedure is similar, but the solid angle at each unit must be
calculated and compared to the Qaiowes for that unit. Care must be exercised in selecting the point P
for a unit of complex shape. If each total subtended solid angle is less than its respective allowed
value, the array is judged subcritical.

4.33. Application of the method to other than solutions should be approached with caution.

More detailed analyses***®

indicate that some large arrays of metal units spaced by the solid angle
method may not have an adequate margin of subcriticality.
4.34. The solid angle method should not be applied unless the following array reflector
condition is satisfied:
The effectiveness of the reflector is no greater than that of a thick water reflector
located at the boundary of the array. This boundary is no closer to the peripheral

units than half the separation between unit surfaces.

Concrete reflection on three sides of the array can be shown to meet this criterion. For full reflection

by concrete thicker than 12 cm, the allowable solid angle shall be reduced by 40%.

Other Methods

4.35. Models and methods shown to satisfy the requirements of American National Standard
N16.9 may be used to establish nuclear criticality safety limits. It is emphasized that the concept of
the method, its parameter dependence, its uncertainty in biases, and its area of applicability must be
clearly understood. Appropriately, a user should document, for himself and for others, his ability to
apply the method.

A method, well described and extensively correlated with the results of critical experiments, is
Clark’s albedo method.”’ Various tables and graphs of parameters have been published”’" which

facilitate these hand calculations.
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CHAPTER V
NUCLEAR SAFETY IN PROCESSING PLANTS

Training

5.1. The training program for persons involved in operations with fissile materials should
make safety considerations, including criticality safety, an integral part of a program that provides
necessary job skills and information. Safety education will be most meaningful and readily
assimilated if it is clearly relevant to the operations. Therefore, it is desirable that local supervision
participate in criticality safety training. Criticality safety specialists can, of course, support
supervision.

5.2. All persons working in or near a fissile material processing area should have an
appreciation of the general characteristics of criticality accidents and should be familiar with their
proper response to a criticality alarm or other emergency situation. Operators should also
understand the influence of various parameters on the safety of these operations.

5.3. Supervisory personnel should be knowledgeable about the safety of operations for which
they have responsibility. The bases for process limits should be understood in order to allow
effective supervision and exercise of training responsibilities.

5.4. Criticality safety specialists who are occasionally called upon to give training talks will
profit from a familiarity with those accidents that have occurred during processing of fissile
materials. Stratton'® has prepared a history of nuclear accidents which provides a discussion of each
of these in sufficient detail to be helpful for this purpose. The use of real accident experience to

illustrate criticality safety principles can help keep an audience awake (see Part 111 of Chapter I).

Criticality Alarms

5.5. Ciriticality alarms have twice initiated lifesaving evacuation of areas in which accidents
occurred. The value of such systems is therefore clear, and their installation is desirable in areas
processing potentially critical quantities of fissile materials. Guidance for the design, installation,
and maintenance of such systems may be obtained from** American National Standard Criticality
Accident Alarm System, N16.2-1969. This document directs a survey of all areas containing more
than threshold quantities of material and the installation of an alarm system wherever there is a risk
of accidental criticality.

5.6. The existence of an alarm system carries with it certain responsibilities. The system must
be maintained to provide confidence that it will function if needed and to minimize the frequency of
false alarms. False alarms introduce a potential for injury as a result of precipitous response and
tend to destroy confidence in the system. Personnel must be educated to their proper response to the
alarm, including evacuation routes and designated assembly points. Emergency plans must be kept

current, specifying procedures to be followed in the event of an alarm.
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5.7. The Standard recommends that the response of the alarm system to radiation be tested at
least monthly, each signal generator be tested at least once every three months, and an evacuation
drill be performed at least annually. Unannounced drills are not endorsed.

Emergency Planning

5.8. Where operations are conducted with fissile materials, consideration should be given to
potential situations that would present a significant risk to employees, people in nearby areas, or to
the facility itself. Plans to cope with such situations should be formulated, recognizing those persons
and organizations who may be asked to provide assistance. Where unusual risks might be
encountered, such as criticality, other radiation fields, or radioactive material contamination,
assistance should be offered to local emergency organizations in planning their response. In
particular, fire, police, ambulance, and medical personnel should be made aware of the nature of
such risks. .

5.9. Emergency plans should be reviewed and updated at appropriate intervals, such as
annually or whenever significant changes occur in risk or in personnel.

5.10. For facilities where the degree of risk makes evacuation of personnel desirable,
evacuation plans should be developed. A distinctive signal should be available to initiate the
evacuation, personnel should be familiar with the signal and with the expected response, and an
assembly point should be designated remote from the potential hazards. Emergency evacuation
plans should be exercised periodically, usually annually.

Plant Applications

Dissolver for Water-Reactor Fuel

5.11. The safe geometry of a 100-liter dissolver for chopped U(3.2)O; fuel elements is to be
explored. The shape of the dissolver should be simple and it is to be surrounded by a steam jacket.
Full water reflection should be assumed to allow for water in the steam jacket and for incidental
reflection.

5.12. Figure 2.15 shows a limiting value of 265 mm for the subcritical diameter of a long
cylinder of heterogeneous oxide. The diameter limit for solution is 14% greater. Since a cylinder of
this diameter has a capacity of 55 liters per meter of length, the height of a 100 liter dissolver would
be about 1.8 m. A design study will show whether this height meets functional requirements.

5.13. Should this long, small diameter prove to be undesirable, an alternative would be an
annular tank surrounding a neutron-absorbing material to reduce neutron exchange within the
configuration. If the absorbing material is water and the inside diameter is at least 300 mm, the
annular thickness can be approximated by a reflected infinite slab, specified in Fig. 2.16 to be
125 mm thick. If additional conservatism is desired, a thickness of 100 mm and an inside diameter
of 400 mm may be assumed for the design study, the capacity of which is about 157 liters per meter.
Accordingly, a vessel of 100 liter capacity would have near-equilateral external dimensions. Before

adoption, the acceptability of the final design should be confirmed either by a validated calculation®
or by in situ neutron-multiplication measurements.'?
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Storage of Low-Enrichment Uranium Solution

5.14. Consider vessels for storing a variety of uranium solutions in which the ***U enrichment
will not exceed 4 wt % and the uranium concentration will remain below 750 g/liter. A total
capacity of 1890 liters (500 gal) is desired, and, because of the possiblity of long-term storage and
the difficulty of internal inspection, a single vessel packed with raschig rings is not selected. The
favored arrangment is a planar bank of cylinders near a 12-m-long, 5-m-high concrete wall, with a
narrow walkway between the cylinders and wall.

5.15. According to Fig. 2.15, the subcritical limit on cylinder diameter for U(4) solution is
270 mm; the next smaller commercial pipe size is 10-in. Schedule 5S (266-mm-i.d.). At a usable
height of 4.6 m, the capacity per cylinder is 250 liters, and 8 cylinders would be required.
Construction and operational convenience would be met by a one-meter center spacing of cylinders
and would result in additional space at the ends of the bank of cylinders.

5.16. A walkway of 0.7 m separates the cylinders from the concrete wall and reduces the effect
of the wall to that of incidental reflection on a single vessel. Because the 270 mm limit is based on
full water reflection, which is much more effective than incidental reflection, it is necessary to show
that the effect of interaction among the cylinders is acceptable. According to validated KENO
calculations, ker = 0.725 for a single cylinder having only 25-mm-thick water reflection, and
ker = 0.785 for the linear array spaced from the concrete wall, showing that interaction is
adequately small. Thus, it is appropriate to proceed with the design of this arrangement and with
detailed exploration of contingencies.

5.17. The low values of ker suggest the reasonableness of further investigation of a storage
bank with significantly increased capacity. For example, a one-dimensional calculation of a
12-in. Schedule 5S pipe (315-mm-i.d.) instead of the 266 mm pipe resulted in a ke of ~0.9. The
capacity, at the 4.6 m height, would be increased to 750 gallons. Of course, a careful computational

study and analysis of contingencies would be required before adopting this approach.

Solution in Borosilicate-Glass Pipe

5.18. The borosilicate-glass pipe commonly used for solution storage columns reduces the
effectiveness of a surrounding water reflector, as does steel pipe. The specified minimum wall
thickness of nominally 6-in.-diam. conical Pyrex pipe is 7.1 mm. Assuming this value and that thick
water is the only external reflector to be considered, the values of the limits on cylinder diameter,
from Table 2.1, for either **U or plutonium solutions may be increased to 185 mm for ***U, and to
207 mm for *’Pu provided N:Pu > 4. It may be noted that the 157.6 mm (6.20 in.) maximum

inside diameter of nominally 6-in.-diam Pyrex pipe is well below these limits.

Solution in Tanks Packed with Boron-Containing Raschig Rings

5.19. In certain cases, as noted in 3.8, an alternative to geometrically subcritical tanks for
solution storage is the use of large capacity tanks packed with borosilicate-glass raschig rings.

Typically, although one-quarter to one-third of the tank volume is sacrificed to the glass absorber,
the tank may still accommodate large volumes of solution more efficiently than long,
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limited-diameter cylinders or thin slab-like containers. In addition to primary criticality control, as
for in-process storage, raschig rings in auxiliary tanks may protect against accidental criticality
resulting from inadvertent diversion of fissile solution to those tanks.

5.20. American National Standard Use of Borosilicate-Glass Raschig Rings as a Neutron
Absorber in Solutions of Fissile Material,"” N16.4-1971, defines appropriate conditions for criticality
control. Restrictions exclude the use of alkline solutions, HF, and hot, concentrated H;PO..
Temperature and radiation fields also are limited. The Standard defines chemical and physical
properties that are typified by Pyrex type 7740 and Kimbal type KG-33 and limits the ring size to
<38.1-mm-o.d. It specifies packing conditions and gives requirements for inspection and
maintenance. Finally, maximum concentrations of fissile materials in vessels of unlimited size are
specified for three different volume percentages of glass. Typically, as the glass volume fraction
ranges from 0.24 to 0.32, concentration limits range from 270 to 400 g/liter for ***U-enriched
uranium, from 150 to 200 g/liter for *’U, from 115 to 180 g Pu/liter for *’Pu, and from 140 to
220 g Pu/liter for plutonium containing more than 5 wt % **°Pu (see 3.6).

5.21. Although it is unlikely that these reasonably generous limits would restrict a practical
process, there could be unusual circumstances that would require greater concentrations. Because
computational models cannot closely approximate randomly packed raschig rings,”” the preferred
guidance for increased limits would be experimental data near the desired conditions or computed
data verified by in situ neutron multiplication measurements.'> An example of an experimental
system that is subcritical at a plutonium concentration greater than that permitted by the Standard
is reported by Lloyd, Bierman, and Clayton.”” The subcritical concentration of plutonium
(8.3 wt % **°Pu) in nitrate solution was 391 g/liter when a 610-mm-diam tank was filled to a depth
of 991 mm. Raschig rings containing 4.0 wt % boron occupied 18.8% of the volume, and there was
an effectively infinite water reflector on the tank walls and base.

5.22. Nurmi™ reports the use of borosilicate-glass rings with enriched uranium solutions that
have free fluoride-ion concentrations greatly exceeding the limit specified in the Standard. Because
of this deviation, there is daily visual inspection and semiannual emptying of tanks for detailed
examination, a more stringent maintenance schedule than that required by the Standard.

5.23. Another approach to environments that are hostile to borosilicate glass is suggested by
experiments at Battelle Pacific Northwest Laboratories” with plutonium solutions in a tank packed
with stainless steel raschig rings containing 1.0 wt % boron. A 457-mm-diam tank, water reflected
on sides and bottom, was packed with 12.7-mm-o.d., 12.7-mm-long steel rings occupying 27.0% of
the volume. At a depth of 991 mm, plutonium (8.3 wt % %%pu) solutions at concentrations of
275 g Pu/liter with 480 g NOj/liter and of 412 g Pu/liter with 602 g NOs/liter were subcritical.

5.24. .A further example includes data on plutonium-uranium nitrate mixtures in a
610-mm-(24-in.-) diam tank, water reflected on the sides and bottom and packed with glass raschig
rings containing 4 wt % boron.”*”* The raschig rings, which were 38.1-mm-o.d. and 43.2 mm in
length, displaced 18.8% of the solution volume. At a depth of 904 mm, solution at a concentration
of 78.4 g Pu/liter (5.7 wt % **°Pu in Pu) and 180 g U/liter (0.66 wt % ***U in U) containing
377 g NO;/liter was subcritical.
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Soluble Neutron Absorber

5.25. Data have recently been reported™ on gadolinium-poisoned aqueous plutonium-uranium
solutions in which the plutonium content was near 30 wt %. The criticality measurements were
performed in a 610-mm-diam tank reflected by water on the sides and bottom. The **°Pu
concentration in the plutonium was 5.77 wt % and the ***U content of the uranium was 0.66 wt %.
Gadolinium was homogeneously mixed with the plutonium-uranium nitrate solution. The Pu+U
concentration ranged between 248 and 255 g/liter, and the corresponding total nitrate
concentrations ranged between 365 and 384 g/liter. The critical solution height increased from
191 mm to 753 mm with the addition of 1.06 g Gd/liter. The concentration of gadolinium in the
above solution required to reduce k. to unity in vessels of unlimited capacity was calculated to be
1.86 g/liter. Doubling the Pu+U concentration from 254 to 508 g/liter would require almost
tripling the gadolinium concentration (to 4.8 g Gd/liter) to maintain k- at unity due to the
decreased effectiveness of the gadolinium at lower H-to-fissile-material atomic ratios.

Pipe Intersection Design

5.26. An operation requires that a supply of Pu(NO;), solution at a concentration of 25 g of
plutonium per liter be transferred from a storage system to a manifold that will distribute solution
uniformly to seven process columns. The columns lie in a plane, axes parallel, and are spaced 0.7 m
between centers except the center separation of the sixth and seventh columns is 0.4 m. The bank of
columns is supported from a concrete wall with 200 mm separation between the column and wall
surfaces. The subcriticality of the configuration has been evaluated and the system has an expected
maximum k. of 0.8. The axis of the manifold is perpendicular to and in the plane of the columns
and is located 100 mm from a concrete floor and 500 mm from the base of the columns. The arms
connecting the manifold and the columns are coaxial with the columns. The axes of the arms are
normal to the manifold except for the third, which forms an angle of 55° with the manifold axis.
The diameter of the manifold and the connecting pipes is to be determined.

5.27. Each of the first five arms intersecting the manifold lies within a section as defined in
2.24, i.e., the spacing is greater than 0.5 m. The sixth and seventh arms lie in the same section and
quadrant. The permitted maximum diameters, by Table 2.8, are 140 mm for the manifold and
104 mm for the connecting pipes. The third, sixth and seventh arms must be reduced as required by
2.26. The diameter of the third arm is reduced by the factor \/sin 55° to maintain the area of
intersection corresponding to the 104-mm-diam. The resulting dimension is
104 \/W = 94 mm. The combined areas of the sixth and seventh pipes must not exceed the
area corresponding to the tabulated diameter. The maximum permitted value of these two tee

connections is, thus, 104//2 = 73.5 mm. In general, for equal areas of n arms in the same section
and quadrant, the permitted diameters are given by 1/1/n of the tabulated diameter.
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Solution Holdup Design

5.28. A cell in a 2*U reprocessing facility has a floor area of 9 m* and analyses have shown
that the neuton interaction among the process vessels and between the vessels and the floor is
negligible. The floor will serve as a catch basin for solutions that may leak from the vessels. An
overflow line installed in the floor, draining to a catch tank, will control the thickness of solution.
The maximum expected U concentration in UO(NQ;): is 250 g/ liter. A permitted solution height
over the floor is to be determined. The configuration of the solution is conservatively approximated
by an effectively infinite uniform slab of solution reflected on one side of by thick concrete and on
the other side by no more than the equivalent of 25 mm thickness of water.

5.29. From Fig. 2.8, the specified subcritical thickness of an infinite slab of *?UOy(NO0s);
reflected by 25-mm-thick water is 70 mm, and when reflected by 300-mm-thick water is 36.5 mm. A

thick concrete reflector on both sides of the slab would reduce the solution thickness to

[
I

36.5 (0.44)(0.25)°13

= 20 mm

by 3.16. The minimum thickness for the solution is, then, the average thickness for the two

reflectors:

t1+t2=70+20
2 2

t = =45 mm .

The specified height of the overflow pipe would not exceed 45 mm.

Transportation of U(30) as Oxide

5.30. A product, U(30)O,, is to be shipped in Specification 6M packaging. Department of
Transportation (DOT) specifications for 6M packaging call for a cylindrical 2R inner container of
13.3 cm (5.25 in.) maximum inside diameter, a minimum height of 15 cm, protected by industrial
cane fiberboard having a density of at least 0.24 g/cm’ (15 1b/ft’) and an outer shell of steel. For
efficiency, a mass of oxide per package of 45 kg [40 kg U(30)] is proposed. The high-fired oxide can
be packed at a maximum density of 0.5 theoretical, i.e., about 5.4 kg/liter. Preliminary evaluation is
desired for a proposal to use 5-in.-Schedule 40 pipe (12.8-cm-i.d.) with Celotex insulating fiberboard
in a 208 liter (55 gal) steel drum.

5.31. The package of 45 kg of U(30)0, would contain about 12 kg ?**U and therefore would
meet the DOT specifications of 13.9 kg of **U with corresponding minimum TI assignment of 0.5.
The subcriticality of a single package immersed in water and flooded internally must be
demonstrated® as called for in 10 CFR 71. When flooded internally, 50% of the inner container
volume would be occupied by water and produce an atomic ratio of H:U <3. Confirmation of single
package subcriticality as well as the subcriticality of an array of packages is readily accomplished by
use of the Storage Guide,”® N16.5-1975. Table 5.6 of N16.5 presents specifications for air-spaced
spherical masses of U(30)O: as a function of number of units and of spacing in water reflected
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arrays. An entry of 44.5 kg U(30) (~50 kg oxide) in Table 5.6 for material with an H:U<3
represents a spherical unit that is less than 90% of the reflected critical mass for this material. A
single submerged and flooded package is, therefore, subcritical. An entry in the same table for the
atomic ratio H:U < 0.4, representing the dry compound in normal transport, is 43.7 kg U(30) (~50
kg oxide) for 512 units, each in a 50 cm cubic cell. This entry establishes the subcriticality of the
array of packages having 45 kg U(30)O; and would permit assignment of the minimum T1 of 0.5.

5.32. The margin of subcriticality of the array of packages is greater than that of the storage
array because of the larger package volume, lower uranium content, cylindrical shape of the unit,
and presence of the packaging materials.” This information provides a reasonable basis for adopting
the design and for proceeding to satisfy other DOT requirements.

A Storage Array for U(93) Metal

5.33. It is desired to establish that a 6 x 6 x 3 storage array of 20 kg U(93) metal cylinders
(H:D = 1) is subcritical by an acceptable margin and to examine operational contingencies. Each
cylinder of metal is stored in a 50-cm-dimensioned cubic birdcage having a centered aluminum
container which has sufficient capacity to accommodate six units although only one is permitted.
The array is to be close-packed and located in a large room with overhead water sprinklers for fire
protection.

5.34. Subcriticality of the array was demonstrated by calculations performed with a validated
version of the KENO Monte Carlo code and using the Hansen-Roach 16-energy-group neutron
cross sections. Results were compared to similar arrays described in Ref. 78. The array with full
reflection (60-cm-thick concrete floor and ceiling and 15-cm-thick water walls) had a calculated
ket o of 0.90£0.01. Double loading a central unit increased the k.« of the array approximately 2%.
Interspersed water moderation at optimum density increased k. approximately 4%.

5.35. Four contingencies were considered and countermeasures proposed:

a. Overloading of a container: Two independent mass checks are required on
each piece. All containers are closed except the one being loaded in order
to prevent a dropped metal cylinder from falling onto another.

b. Extending the array: Boundaries are marked on the floor, and a posted
sign prescribes a stacking height of only three birdcages.

c. Loss of spacing: Only 20-in. or larger birdcages are available. Heavy
equipment is kept out of the array area. Combustibles that might cause a
fire and melt the aluminum birdcages are excluded from the area, and
water sprinklers are installed overhead.

d. Operator not understanding what is approved: The criticality safety
analysis and the operating procedures are written and reviewed. The
operators attend training sessions. Mass limits per container and array

stacking height are posted. Array boundaries are marked on the floor.
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Fuel Element Fabrication

5.36. A fuel element fabrication plant proposes to produce aluminum-clad uranium oxide fuel
elements for reactors. The program requires the fabrication of the fuel plates and their assembly into
fuel elements. The primary method of control is to be by batch size since this method integrates well
with the requirements of quality assurance procedures. The plates are to be fabricated from a
mixture of aluminum powder and U:Ox (93 wt % ***U) powder, which is formed into compacts,
placed in aluminum metal frames, clad with aluminum cover plates and hot-roll bonded. The plates
are assembled and welded into fuel elements and the elements are machined. They are then cleaned,
inspected, and stored until shipped to the purchaser. ‘A flow diagram of the operation is given in
Fig. 5.1. It is significant to note in the following that control of internal moderation of fissile
materials during fabrication is important and greatly simplifies the criticality assessment of the
program.

5.37. The U-Ox is received in metal cans about 15 c¢cm in diameter and 22 cm tall (volume of
~3.92 liters) with press-fitting covers. The mass per can does not exceed 7.0 kg of uranium, equally
divided into two polyethylene bags. A can of oxide is to be stored ( @ of Fig. 5.1) in the shipping
containers, which are birdcages ~50 cm on a side (volume of ~131 liters) with a centered
6-in. Schedule 40 pipe. The oxide is nominally dry, i.e., contains less than 1.5 wt 9% moisture
(H:U ~0.4), and Table 5.2 of N16.5 allows 13.9 kg of uranium for a cubic cell dimension of 50 cm
in a water-reflected array of 1000 units. This mass limit is reduced to 8.3 kg of uranium for a
concrete-reflected array by 5.4 of N16.5. Alternately, the oxide container is in mass category L by
Table 4.1 of Chapter 1V, and, by Table 4.2 and Eq. 4.2, the birdcage would be labeled with a
criticality indicator, CI, of 0.08. There are no additional requirements, assuming that the maximum
number of birdcages is 20. Only two containers will be open during operations in the storage area.
Double batching, 14.0 kg U is a subcritical quantity by mass category W and, therefore, not a
significant contingency.

5.38. The contents of two birdcages are transferred to the blending area ( @ of Fig. 5.1) and
7.0 kg U emptied into each of two containers of ~5.6 liter capacity. The containers are placed in a
Vee-blender and blended for 30 minutes. The 14.0 kg U in this operation, as in the storage area,
falls in the mass category W of Table 4.1 which, being a single letter designation, is subcritical when
reflected by water. After blending, these containers are placed in a storage vault, @ . The vault has
a set of shelves attached to a wall so that the stored containers form a planar array with center
separation of 33.5 cm in the plane. The shelves are constructed in a manner to prevent double
loading a storage cell. This mass category L unit, now in a 37.6 liter cell, is assigned a CI of 0.81 by
Table 4.2.

5.39. When required, 0.6 kg U is weighed into a batch can and transferred to the compact
weighing station, @ . An amount of U;Ox satisfying specifications for a single plate (usually less
than 25 g of U) is weighed into each of 24 coded, glass, screw-capped, 5.7-cm-diam jars 6.3 cm tall.
The contents of the 24 jars constitute a quality control batch and will be processed as a unit. A
measured quantity of aluminum powder is added to the jars. The 24 jars are sealed and transferred
to an oblique blender, @ where they are blended for two hours. The blended powder is then ready
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Preparation of Compacts
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Fig. 5.1.  Aluminum plate type fuel element fabrication process.
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for pressing into fuel compacts. The jars are placed in a tray accommodating a 4 x 6 arrangement
and the trays are transferred to a work station storage array,@, in the compact pressing area. This
storage array consists of six open metal shelves 38 cm deep by 1.0 m wide separated 20 cm
vertically. Four trays are allowed on a shelf, which defines an associated cell volume of ~19 liters
for each tray. The 0.6 kg U per tray is mass category A from Table 4.1, and Table 4.2 gives
Cl = 0.08 for each tray location.

5.40. The powder is compacted,@.on a hydraulic press. The blended powders are poured
from a jar into a die cavity and pressed into a compact approximately 5.5 x 6.7 x 0.7 cm. The 24
compacts are inspected, given identification numbers, and placed on edge in a covered stainless steel
tray 12.7 x 20 x 8.3 cm. Quality control requires storage of the compacts in a vacuum before and
after annealing. The vacuum storage chamber, and , is ~0.5 x 0.5 x 0.6 m and has two
shelves separated by ~0.3 m. Each shelf will accommodate eight trays of compacts. The capacity of
the vacuum chamber is less than 8 kg U, which is mass category N by Table 4.1. Since the volume
of the chamber is ~150 liters, it would be labeled with a CI of 0.11 by both Table 4.2 and Eq. 4.2.

5.41. The pressed compacts are vacuum annealed in a cylindrical furnace 0.5 m in diameter
by 0.7 m deep,@ . The outer surface of the furnace is water-cooled. Leakage or rupture of the
water lines on the outer shell of the furnace cannot result in water entering the interior of the
furnace. There are three shelves in the furnace, each of which will accommodate a single metal tray
holding 48 compacts. The maximum loading is 3.6 kg U (mass category E by Table 4.1) and is an
acceptable subcritical operation. After annealing, the compacts are returned to the vacuum storage
chamber.

5.42. A batch of 24 compacts is visually and dimensionally inspected at a work table.
Acceptable compacts are assembled into rolling packages consisting of two fuel compacts, one
aluminum picture frame and two aluminum cover plates, @ . Packages have nominal dimensions
of 21 x 15.5 x 1.5 cm. The package is hot-rolled to a thickness of ~2.5 mm. The two fuel sections
are separated by shearing and finish-rolled to ~1.5 mm. The plates are cooled on a metal table and
transferred to a rack, @ for storage and transport to subsequent operations. The rack is
38 x 20 x 90 cm and holds the 24 plates with ~2.5 cm space between plates. The plates are
transferred to a vapor degreasing operation, @ . The degreasing medium is trichlorethylene,
which is not as effective a moderator as water. Table 2.1 gives a subcritical mass limit for U of
0.76 kg or, more conservatively, Fig. 2.1 gives 0.64 kg **°U, either of which is greater than the
uranium content of the 24 plates. In addition, the lower 33U enrichment of the uranium, the

33U enrichment

presence of *U in the plates, and the latticing of fissile materials in water at this
increase the margin of subcriticality. This limit, one rack of 24 plates, is also applicable for the later
pickling of plates, @ . The rack is designed to hold only 24 plates, therefore double batching is
not a contingency.

5.43. There follow the operations of ﬂatten-annealing.‘, inspections, location of fuel
region, blanking to finish dimensions, @ and forming plates to necessary contours, . Since
each operation, except the flatten-annealing, involves no more than a batch of 24 plates, no

additional procedures for criticality control are necessary. The flatten-annealing operation is
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economically conducted with multiple batches, for example, 18 batches corresponding to 10.8 kg U.
The plates are stacked between aluminum platens and single or multiple stacks placed in a furnace.
Note that protection from sprinklers would be necessary if the plates were other than close packed in
the stack. The subcritical limit of 14.4 kg U, category W of Table 4.1, may be used for this
operation. Note that the dilution of fissile material by the aluminum, a geometry less reactive than a
sphere, and the absence of moderation provide a large margin of subcriticality for the operation. A
batch of 24 plates is boxed in a configuration that provides physical protection for the plates and is
stored until needed for fuel element assembly.

5.44. Storage in an aluminum box, 15.2 x 35.6 x 61.0 cm, having a polyvinylchloride*
(PVC) insert uniformly spaces the plates in a 3 x 8 matrix. The PVC between fuel plates, about 800

g, produces an H:U ratio of

HU =3 SOx 2 -5
Table 4.1 does not provide a mass category for materials at an H:U = 15, In order to assign a mass
category to the box, the H:U may be conservatively regarded as 20 and the equivalent arrays of
N16.5 used to identify a unit at an H:U = 0.4 that would be equivalent to the box of plates with the
PVC moderator. A cell dimension for the box, the cube root of its volume, is 32 cm. Table 5.2 of
N16.5 allows 1000 units, each containing 1 kg U as U(93)O; at an H:U <20, for cubic cells with a
30.5 cm edge. Application of this set of parameters to the larger dimension of the box is
conservative. Also from Table 5.2, an array of the same dimensions and number of units but of
matenial at an H:U<0.4, 5.8 kg U per unit is permitted. A concrete-reflected array requires a mass
reduction to 60% or 3.5 kg U (5.4 of N16.5). The 3.5 kg U at an H:U = 0.4, equivalent to the box
with 24 plates in the PVC matrix, is a mass category D by Table 4.1.

5.45. These boxes are stored, , in a plane for accessibility such that the vertical and
horizontal center separation of boxes are 30.5 and 50.8 cm, respectively. The cell volume associated
with each 61 cm long box is 98.4 liters. The CI assigned to each cell is, therefore, 0.01 from
Table 4.2. These storage arrays may be conveniently distributed throughout the fabrication area
without concern for location. Requirements are only that the sum of the Cl for individual areas
should not exceed 100 and that internal moderation of fissile materials from, for example, a plant
sprinkler system, be prevented.

5.46. There are sufficient critical experiment data with aluminum-clad fuel plates to define safe
operations with fabricated elements.”® The Oak Ridge Research Reactor box-type elements
contain 180 g of U(93) in 19 plates. The SPERT-D element is similar, having 330 g of U(93) in 22
plates. A third example is the Oak Ridge High Flux Isotope Reactor (HFIR) element composed of
approximately 10.1 kg of uranium contained in two coaxial annuli. The outer annulus has an inside
diameter of 28.5 cm, an outside diameter of 43.5 cm and consists of 369 fuel plates with about
7.3 kg of U. The inner annulus has inner and outer diameters of 129 cm and 26.9 cm,
respectively, and 17! plates containing 2.8 kg of U. The inner annulus also contains some boron

mixed with the fissile material. Some relevant measurements with these elements are:

*Polyvinyichloride is CH,CHCI.
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a. Fifteen ORR elements, water-moderated and water-reflected at optimum spacing are critical.
This corresponds to 2.7 kg of U.

b. Twelve submerged SPERT-D elements at optimum spacing are required for criticality. This
corresponds to about 3.9 kg of U.

c. An assembled HFIR core (combined inner and outer annuli) is subcritical submerged. The

typical reactivity range is from 1.5 to 3.5 dollars subcritical.

These data are sufficient to establish quantities for the subcriticality of the typical operations of
assembly, machining, , and cleaning, of Fig. 5.1. For example, submersion and flushing of
the separated inner and outer components of a HFIR element provides an additional large margin of
safety.

5.47. Additional experimental data with the HFIR elements show that:

a. Seven assembled cores submerged in water are neutronically decoupled
when their surfaces are separated by 200 mm.
b. Eight inner and eight outer annuli in any arrangement in air show no

appreciable neutron multiplication.

As an illustration, transfer and storage of HFIR elements would be assessed as follows. For ease in
transport, for physical protection, and for nuclear criticality safety in case of flooding, a minimum
surface separation of 20 cm between HFIR components should be maintained. The annuli should be
covered when not at a work station. They may be stored and transported, @, in the plant on carts
that are ~60 x 60 cm in cross section. The height of a component, about | m, and the cart
dimensions define an associated cell volume of ~360 liters. The 7.3 kg of U is a mass category L
and, by Table 4.2, the carts would be labeled with a CI of 0.02, suitable for either an inner or an
outer component. In this use of the CI system, there is again no administrative requirement on the

location of carts in the plant areas.
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APPENDIX

CRITICALITY OF SPECIAL ACTINIDE ELEMENTS

A.l. Although the principal interest in criticality to date has centered on uranium and
plutonium, a number of isotopes of other elements within the actinide group also are capable of
supporting a chain reaction. It has been speculated that potential requirements for certain of the
synthetic actinide elements could lead to their production in large, possibly ton, quantities.®'*
Calculations or measurements of criticality show extreme variations in their critical masses, ranging
from gram to kilogram quantities, under like conditions. These variations depend on the nuclear
makeup of the isotope in question, its evenness or oddness, Z*/ A, activation energy for fission, and
the energy available on absorption of a neutron.”

A.2. To be forewarned about potential criticality problems with these special actinide
elements, it is necessary to resort to calculations without the benefit of validating experimental data.
In spite of this handicap, however, significant conclusions can be drawn. The key to potential
criticality is whether the nuclide contains an even or odd number of neutrons, N. Those with odd
numbers of neutrons can be expected to have critical masses in aqueous solutions that are less than
one kilogram, and, in certain cases, remarkably small values of critical mass have been reported for
some of these highly fissile odd-N nuclides; to illustrate, the critical mass of BiCf as a sphere of
aqueous solution at optimum moderation was calculated® to be only 10 g.

Odd-N Nuclides
A.3. The nuclides :Pu, *5Am, %3:Cm, %4Cm, *3{Cm, 53Cf, and %3iCf all contain odd numbers
of neutrons, each is highly fissile, and moderation leads to reduced critical masses. Minimum critical
masses, as computed by Clark,* are included in Table 5.1 for several of these nuclides. It should be
borne in mind that, although the critical masses are small, the quantities available are likely to be
extremely limited. For example, there is not now 10 g of %33Cf available, nor is there likely to be for
some time to come.

Even-N Nuclides

A4. Nuclides such as 3iPa, 3iNp, %3iPu, 2$Pu, 'Am, %4Cm, and 33Cf, contain even
numbers of neutrons, and, although criticality may be possible, the effect of moderation is to prevent
rather than to enhance criticality. Computed critical masses for a number of the even-N nuclides are
also included in Table A.l.

A.5. The actinides containing even numbers of neutrons characteristically exhibit rather sharp
thresholds in their fission cross sections, with little or no probability of subthreshold fission. As a
consequence, the value of k- will be sharply reduced if even a small quantity of hydrogen is mixed
with the element.” The effect of energy degradation also becomes evident in the reflector savings of

such a system. A good moderating material, such as water, returns to the core neutrons of reduced
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Table A.1. Neutron Fissionability and Criticality

Computed critical Computed critical
Criticality aspects masscs of aqucous solution spheres masses of unmoderated metal
Nuclid Type® y aspect: at optimum moderation (Refs. 83-.85) spheres (Refs. 83 8S)
uclice ype Slow-neutron Fast-neutron W - el
R . ater unreflected  Water Stee
chain reaction chain reaction reflected ey reflected  reflected
(kg) (kg) (kg)
128Th Even-Even No Questionable
1°Th  Even-Odd No Indicated®
133Th Even-Even No No
1 Pa 0dd-Even No Indicated”
132pa  0dd-Odd Questionable Indicated®
Y Even-Even Yes Indicated®
13U Even-Even No Indicated®
13U Even-Even No No
133 Np 0dd-Even No Yes© 68.6 64.9 43.1
334Pu Even-Even No Yes© 72 5.6 4.5
3¢3Pu  Even-Even No Yes® 57.8 52.5 27.0
23 Pu Even-Odd Yes Yes© 0.26 6.0
2383Pu Even-Even No Yes® 52.6 49.0
24JAm  Odd-Even No Yes 113.5 1053 714
41Am  0dd-Odd Yes? Indicated® 0.023
333Am  Odd-Even No Indicated
243Cm  Even-Odd Yes? Indicated® 0.213
344Cm  Even-Even No Yes© 232 220 14.2
335Cm  Even-Odd Yes? Indicated” 0.042
307°Cm  Even-Odd Yes? Indicated® 0.159
242Cf  Even-Odd Yes? Indicated? 0.032
cr Even-Even No Indicated®
331Cf Even-Odd Yes? Indicated® 0.010
1icr Even-Even No Indicated®
134Es  0dd-0dd Indicated® Indicated”

%Proton number-neutron number.
No question concerning the possibility of criticality, but no calculations are known to have been reported.
c(7omputed (see Ref. 83).
d(‘umputcd (see Ref. 84).
“Recently computed unpublished value.

energy, hence of reduced effectiveness. Therefore, differences between unreflected and
water-reflected critical masses are much less than in the case of odd-N fissile nuclides in the absence
of moderator.

A.6. For the even-N nuclides, the guaranteed presence of a given amount of moderator-diluent
would then serve to control criticality.* Each of the even-N nuclides listed will have a ke less than
unity at a hydrogen-to-fissile-isotope ratio of about four.
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A Precaution Concerning Mixtures of *¢Cm and %iCm

A.7. With possible future production of ***Cm in large (perhaps ton) quantities, consideration
must be given to the effect on criticality of the presence of even small concentrations of the odd-N
fissile isotopes, particularly **Cm. Calculations by Clark® indicate that the minimum critical mass
of a homogeneous mixture of **Cm in water is only 42 g (see Table A.1), which occurs at a **Cm
concentration of about 15 g/liter. Table A.2 gives the results of other calculations by Clark of
water-reflected spherical critical masses for homogeneous mixtures of **Cm and ***Cm with
optimum water moderation. These values show the need for considering the effect that small
quantities of the highly fissile **Cm isotope can have on the criticality of the mixture. For example,
if only 2 wt % of ***Cm were present in the ***Cm-***Cm mixture, the water-reflected critical mass
of this mixture at optimum moderation would be only about 7 kg of curium. It is evident that small
amounts of the highly fissile **Cm isotope become the determining factor affecting criticality.
Similarly, the effect that other fissile isotopes of curium may have on the criticality of **Cm must be

considered.

Table A.2. Calculated Critical Masses
of 24*Cm- 2**Cm Mixtures

Thick water reflector,
optimum water moderation,
spherical geometry

244Cm/245Cm Critical mass
Atom ratio Total Cm(g) 2*3Cm(g)

0 42 42
20 1596 76
30 2914 94
40 4674 114
50 6987 137

100 <42,400 <420

Safety Limits for Special Actinide Elements
A.8. In those cases where calculated values of critical mass are not available for criticality
control guidance, Table A.l gives an indication of whether the given nuclide would be critical and
under what condition of moderation. In the absence of experimental data, there is no means by
which the calculated numbers can be validated. Because of their limited availability, it is most
unlikely that any of these nuclides will be encountered in quantities that approach the computed
critical values. As quantities increase, however, experimental data should provide bases for

validation.
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